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Forward osmosis (FO) is an emerging membrane separation technology that has the 
potential to serve as a game changer in wastewater treatment. FO-based processes can 
simultaneously produce high quality effluent and pre-concentrate wastewater for anaerobic 
treatment to facilitate the recovery of energy and nutrients. Complex wastewaters can be 
directly pre-treated by FO, and fresh water can be produced when FO is coupled with a draw 
solute recovery process (i.e. reverse osmosis or membrane distillation). By enriching organic 
carbon and nutrients for subsequent biogas production, FO extends the resource recovery 
potential of current wastewater treatment processes. Despite this potential, FO research is still 
in its infancy, and applications of FO for simultaneous treatment and resource recovery from 
municipal wastewater are developing. This thesis focuses on investigating and optimising the 
use of FO membranes for resource recovery applications, with respect to, integrating FO with 
anaerobic treatment, draw solute selection, mitigating salinity build-up, and membrane 
fouling. 
A selection protocol was developed to determine suitable draw solutes for FO membrane 
systems that integrate anaerobic treatment for biogas recovery. Draw solutes were evaluated 
in terms of their ability to induce osmotic pressure, water flux, and reverse solute flux. The 
compatibility of each draw solute with subsequent anaerobic treatment was assessed by 
biomethane potential (BMP) analysis. Ten draw solutes were evaluated at the same osmotic 
pressure (i.e. 30 bar) and each draw solute exhibited diverse flux performance. The results 
showed a strong influence of draw solute physiochemical properties on water and reverse 
solute flux. This correlation suggested that a trade-off exists between the selection of highly 
diffusive draw solutes that display high water flux, and those which show a low reverse 
solute flux. Sodium acetate (NaOAc) and magnesium acetate (Mg2OAc) displayed unique 
behaviour compared to other draw solutes, as a high water flux and reverse solute flux 
selectivity was achieved. BMP analysis indicated that ionic organic draw solutes (e.g., 
NaOAc and ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)) were most suitable 
when integrating FO with anaerobic treatment. On the other hand, the reverse solute flux of 
inorganic draw solutions (e.g. sodium chloride (NaCl)) appeared to inhibit methane 
production by 11% in FO pre-concentrated wastewater at the concentration corresponding to 
a ten-fold concentration factor. 
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The key factors governing the FO process during wastewater pre-concentration were 
investigated using a lab-scale system. The selected draw solution, system concentration 
factor, and operational conditions were studied based on the effects on organic matter and 
nutrient retention, salinity accumulation, and membrane fouling. The chemical oxygen 
demand (COD) of raw wastewater was concentrated up to approximately eight-fold at a water 
recovery of 90%. Thus, even low strength wastewater could be pre-concentrated by FO to the 
range suitable for biogas production via anaerobic treatment. Excessive salinity accumulation 
in pre-concentrated wastewater was successfully mitigated by adopting ionic organic draw 
solutes, namely, NaOAc, and EDTA-2Na. Significant membrane fouling was observed when 
operating at 90% water recovery using raw wastewater. Nevertheless, membrane fouling was 
reversible and was effectively controlled by optimising the hydrodynamic conditions of the 
cross-flow FO system during the short-term experiment cycles. 
Raw wastewater and digested sludge centrate can be filtered using FO to recover organic 
matter and nutrients. The fouling propensity of digested sludge centrate, and the effectiveness 
of membrane flushing, air-scouring, and ultrasonication for physical cleaning were 
systematically evaluated. Accelerated fouling conditions were applied to simulate the long-
term and intensive pre-concentration scenario that is required for phosphorus recovery from 
digested sludge centrate. The results suggest that membrane fouling during forward osmosis 
operation to pre-concentrate digested sludge centrate is mostly due to the deposition of small 
mineral crystals and particulate matter on the membrane surface. Both high cross-flow 
velocity flushing and ultrasonication were effective at preventing membrane fouling under 
accelerated fouling conditions. The results also highlight the potential of intermittent 
membrane cleaning for achieving a higher cumulative permeate volume and lower energy 
consumption in comparison to continuous application to prevent membrane fouling. Among 
several physical cleaning regimes investigated in this chapter, the combination of 
ultrasonication and high cross-flow velocity flushing was the most effective and could 
maintain stable FO operation over several repetitive cleaning cycles. 
Integrating FO with anaerobic treatment is a necessary step to develop low impact 
wastewater treatment systems. The performance of this process was demonstrated using a 
lab-scale FO system equipped with a polyamide thin film composite (TFC) membrane, as 
well as using BMP analysis as an indication of anaerobic treatment efficiency. The FO 
concentration factor (i.e. system water recovery) was optimised in terms of maximising 
organic content as well as by limiting salinity accumulation in pre-concentrated wastewater. 
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Lower salinity accumulation was achieved by using NaOAc as the draw solute. Additionally, 
the effect of FO concentration factor on anaerobic performance was elucidated by 
experimentally evaluating the methane production at various simulated FO concentration 
factors. For NaCl and NaOAc, the cumulative methane production increased as the system 
water recovery was maximised (i.e. up to 90%). At a water recovery value of 50% and 80%, 
the methane production of NaCl and NaOAc exhibited a similar behaviour, due to the 
marginal differences in pre-concentrated wastewater characteristics. However, for 90% water 
recovery, NaOAc tended to produce a larger and more consistent amount of methane 
compared with NaCl, due to the higher contribution of degradable reverse solute flux. Thus, 
in terms of wastewater pre-concentrate digestibility, no critical concentration factor was 
found for both draw solutes under these conditions (i.e. 90% water recovery and inoculum/ 
substrate ratio of 2:1). Although FO reverse solute flux has the potential to negatively affect 
anaerobic treatment, careful selection of FO operating parameters and digester loadings can 
clearly improve the process performance. The results also show that the rate of membrane 
fouling on the TFC membrane was higher compared with the cellulose triacetate (CTA) 
membrane used in other chapters of this thesis, due to the significantly larger initial water 
flux of the TFC membrane. Despite this, the full recovery of the water flux after physically 
flushing the TFC membrane indicated that no irreversible fouling occurred and that it was 
limited to surface deposition. The results confirm that TFC membranes have a number of 
notable advantages for wastewater pre-concentration. 
Phosphorus recovery from wastewater is essential for the development of resource 
recovery practices, however, high cost processes limit the feasibility of widespread 
application. Here, a novel seawater-driven FO process to recover calcium phosphate 
precipitates from digested sludge centrate without any chemical addition or draw solute 
regeneration was proposed. The FO process effectively pre-concentrated phosphate and 
calcium in the digested sludge centrate. Spontaneous precipitation of calcium phosphate 
minerals in the digested sludge centrate was achieved by the sustained concentrative action of 
the FO process and the gradual pH increase due to the diffusion of protons to the draw 
solution. Pre-concentrating digested sludge centrate by three-fold resulted in a 92% recovery 
of phosphate via precipitation. The phosphate precipitate only constituted 3% of the total 
solids recovered, therefore subsequent treatment steps would be required to recover 
phosphorus in a useable form. A water flux decline of 30% from the initial value was 
observed as the digested sludge centrate was concentrated by three-fold. This observed water 
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flux decline was mostly attributed to the decrease in the effective osmotic driving force due 
to the increasingly concentrated feed solution and diluted draw solution. It is also noteworthy 
that membrane fouling was readily reversible within the single concentration cycle. By 
flushing the membrane with deionised water and subjecting the membrane to feed and draw 
solutions with the same osmotic pressure as the initial conditions, complete water flux 
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 Introduction CHAPTER 1:
 Background 1.1.
Water scarcity and wastewater management are two closely related global issues with 
increasing contemporary and future importance. Depletion of fresh water sources by a 
growing population and the difficulties associated with safe wastewater management 
represent challenges towards human health and contamination of the environment. Water 
scarcity has driven the utilisation of alternative and often- unconventional water sources to 
preserve and augment potable fresh water supplies. In some areas, unconventional water 
sources such as seawater or wastewater have become a prominent source of potable water 
supply due to limiting factors such as climate, geography, and increasing fresh water demand 
[1, 2]. 
The motivation for wastewater treatment plants (WWTPs) to recover high quality water 
from wastewater has also been driven by a number of other reasons. Recognition of the 
devastating implications of discharging untreated or inadequately treated wastewater into the 
environment has led most governments to set stringent regulations to control the quantity and 
quality of effluent. Effluent quality guidelines are often based on the sensitivity of the 
receiving environment, however, improved treatment technology has also allowed for more 
progressive and stringent effluent quality regulations [3-5]. As a result, the production of high 
quality product water from wastewater is highly energy and resource intensive, with large 
associated capital and operational costs. Water reclamation has become an integral function 
of modern WWTPs and is becoming a widely adopted practice [6]. 
The environmental and financial cost of the energy and resources required to produce 
high quality water from wastewater has ironically resulted in the questioning of the 
sustainability of WWTPs [7]. A growing concern involves the energy consumption of 
wastewater operations, which has correspondingly increased with the introduction of 
advanced treatment processes and therefore effluent quality. Low energy, high performance 
treatment technologies are expected to play a pivotal role in future wastewater treatment 
sustainability, as well as the utilisation of available renewable energy sources. Much like the 
benefits which have been realised by recovering water from wastewater, further opportunities 
exist for other resources found in wastewater. Wastewater predominantly contains water, 
chemical energy, and nutrients. Water recovery is well established, however, a greater focus 
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is required to advance processes to more efficiently recover energy and nutrients from 
wastewater. The chemical energy in wastewater can be anaerobically digested to produce 
methane rich biogas, to offset the energy requirements of treatment operations. In addition, 
nutrients often form the focus of effluent water quality regulations, and therefore the effort 
spent trying to reduce their concentrations to acceptable levels, may be better utilised in 
recovering them. 
One major limitation that restricts the practical recovery of energy and nutrients from 
wastewater is the relatively low concentration of organic compounds (for energy recovery) 
and even lower concentration of nitrogen and phosphorus (for nutrient recovery) in raw 
wastewater. Despite the existence of adequate recovery techniques, these practices have been 
rarely adopted, because of the inadequate concentrations in wastewater to allow feasible 
recovery. Additional drivers to improve energy and nutrient recovery from wastewater 
include the global demands for consistent renewable energy sources as well as the need for a 
sustainable and reliable phosphorus supply for fertilizer production. These aspects therefore 
provide a strong incentive to practice energy and nutrient recovery. There are however a 
number of existing technological limitations to overcome. 
 Water – energy – nutrient nexus 1.1.1.
Water, energy, and food security are inextricably linked. Basic human rights and the 
precursors for socioeconomic development include access to safe drinking water and 
sanitation; clean, reliable and affordable energy services; and safe and nutritious food [8]. 
Figure 1.1 highlights the nexus between water, energy, and nutrients, with water resources 
playing an integral role in their security. A secure water supply can only eventuate through 
the availability of and access to adequate water resources. The largest global consumer of 
water is agriculture and therefore water availability holds significant importance for food 
production. Water is also essential to ensure energy security as the extraction and processing 
of fossil fuels; growing biofuels; and electricity generation, all have high water consumption 
[8]. At the same time, providing a safe drinking water supply is dependent on energy which is 
needed for water collection, treatment, and distribution, as well as for wastewater 
management. Furthermore, energy is required for food production and accounts for 
approximately 30% of global energy consumption as a result of improved productivity and 




Figure 1.1. The water – energy – nutrient nexus for resource recovery from wastewater. 
The nexus between water, energy, and food has always been clearly recognised, yet these 
resources are traditionally managed independently. Over the coming decades, continued 
population growth will result in increased international competition and access pressures for 
existing finite natural resources. Water scarcity is still prevalent in many countries, as 9% of 
the global population did not have access to improved drinking water sources in 2015 [10]. 
To add to this, global water demand may increase by as much as 55% by 2050 to meet the 
requirements of a growing population [9]. A similar situation exists for energy whereby 
demand could grow by one third by 2035, with 70% growth in electricity demand [9]. Food 
scarcity can relate to water, land, and fertilizer availability. Fertilizers are essential for 
agricultural efficiency and to provide for increasing food demand. Worldwide fertilizer 
production is required to increase between 50 – 100% by 2050 [11]. Specifically, phosphorus 
is recognised as a dwindling and geographically sensitive natural resource and consequently a 
secure supply will become vital in the near future.  
The expected limitations of natural resources demonstrate the need for an integrated 
approach and rationalises opportunities to improve their security today. Such an approach 
effectively considers the interdependence of each sector and aims to develop solutions that 
align with sustainable development. A range of opportunities exist to improve the security of 
water, energy, and food. Important to this thesis is the use of waste as a resource in multi-use 
systems [8]. Wastes, residues, and by-products can be utilised as resources for other products 
or services and can essentially increase resource efficiency. As an example, the provision of 
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sanitation facilities to collect and manage wastewater, combined with water reuse practices, 
reduces freshwater consumption and avoids the spread of disease and environmental 
contamination [7]. 
 Wastewater treatment to resource recovery 1.1.2.
1.1.2.1. Evolution of wastewater treatment 
The management of municipal wastewater has undergone considerable development to 
evolve into a safe and reliable practice. Throughout the 19th century, adoption of sewer 
systems was aimed primarily to transport untreated wastewater away from cities for 
environmental disposal. This occurred in response to public health issues whereby the 
disposal of wastewater into local waterways severely contaminated drinking water sources. 
Early forms of municipal wastewater treatment began to appear in the 20th century, as cities 
expanded and environmental pollution became evident [12]. Today, sophisticated systems 
collect, transport, and treat wastewater to levels of quality set by government legislation to 
protect the environment as well as encourage water reuse practices. Unfortunately, only 68% 
of the world’s population had access to these improved sanitation facilities in 2015 [10], 
which emphasises the continued threats to human and environmental health as a result of 
untreated or inadequately treated wastewater. Although, it is anticipated that by 2030, 
universal access to basic drinking water, sanitation, and hygiene for households, schools, and 
health facilities be achieved [13]. 
Today, the most common wastewater treatment technology is conventional activated 
sludge (CAS) due to its ability to manage large and highly variable volumes of dilute 
wastewater with a low hydraulic retention time. The CAS process can also be modified for 
targeted biological nutrient removal, to meet stringent effluent quality guidelines. Despite its 
establishment, CAS is recognised as dissipative treatment as organic compounds are either 
metabolised by suspended bacteria or converted to CO2 through aerobic processes, which is 
very energy intensive [14]. As a result, WWTPs have unintentionally emerged as a major 
energy consumer particularly when effluent standards are high or further tertiary treatment is 
required for water reuse. The embodied chemical energy of wastewater promotes practices to 
recover and use this energy to offset the requirements of wastewater treatment. Similarly, 
nutrient recovery has received growing attention as nitrogen and phosphorus often form the 
focus of effluent standards and therefore efforts to remove these nutrients may be better 
utilised by recovering them. 
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1.1.2.2. Towards resource recovery 
Current treatment processes do not effectively recover the resources present in 
wastewater. In recent years, referred to in the literature as ‘zero-liquid discharge’ [15] and 
‘integrated resource recovery’ [7], there has been a paradigm shift from a removal mentality 
to a recovery standpoint. The most significant benefit would be the ability of WWTPs to 
supply their own (renewable) source of energy, with further incentives for enhanced water 
treatment through more efficient nutrient management. Wastewater can currently be purified 
to a high standard and provide an unconventional water source for potable and non-potable 
purposes, however energy and nutrient recovery practices are less well established. 
Economic feasibility remains the central aspect which has restricted the widespread 
adoption of energy and nutrient recovery practices. As shown in Figure 1.2, wastewater 
typically contains less than 0.5% solids, which comprises of energy (organic carbon), 
ammonia and phosphorus. Given these extremely low concentrations, the work required to 
recover these components in such a dilute form is simply not viable. Therefore, wastewater 
treatment has traditionally focused on the removal or suppression of these components from 
wastewater to meet effluent quality guidelines or to enable water recovery for reuse. 
Furthermore, a recent investigation into the economic value of wastewater resources has 
revealed that the value of non-water constituents is estimated to be only 12% of the total 
value, when assuming total recovery [16]. For these reasons, a trade-off exists for investors as 
economic benefits may not be directly realised for a number of years, and also because 
capital and operational costs are currently not well defined [16, 17]. 
 
Figure 1.2. Resource content and relative economic value of municipal wastewater [18]. 
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The preservation of freshwater and a reduction in non-renewable resource consumption 
would represent immediate human and environmental outcomes. Movement towards resource 
recovery may occur as a result of these drivers, which can have a significant influence on 
wastewater management decisions. In the case of water recovery from wastewater, treatment 
costs are considerably higher than conventional water sources. However, without such 
practices the pollution costs have a far greater consequence and have successfully driven 
water recovery to become an essential function of modern WWTPs. The same situation could 
be expected for energy and nutrient recovery, due to the increasing stringency of effluent 
regulations and the associated increases in energy consumption, alongside demands for 
renewable energy and alternative phosphorus sources. 
 Integrated resource recovery 1.2.
 Water recovery 1.2.1.
Water recovery epitomises the key motivation of wastewater treatment, to remove or 
reduce contaminants to a level safe for humans or the environment. This established practice 
can be attributed to the alignment with the conventional treatment rationale, in addition to 
treated water being highly valued both economically and environmentally. The feasibility of 
the practice also extends to the consideration of regulatory forces to reduce environmental 
discharge volumes and increase water quality. Other sectors have also contributed to these 
benefits by accepting reuse water for municipal, agricultural, and industrial purposes [19]. 
Membrane filtration is an advanced method for water purification with pressure driven 
membranes being commonplace in modern WWTPs. Membrane bioreactors (MBRs) have 
also developed as an efficient improvement to CAS systems. However, when established 
infrastructure is in place and higher qualities are desired, RO membranes are frequently 
installed. RO is capable of treating water to potable standards, with existing CAS providing 
convenient pre-treatment. However, most applications are restricted to large-scale WWTPs 
with well-defined reuse opportunities, due to high capital and on-going costs associated with 
the pressure input required to drive RO. Although there is potential for innovations to slightly 
improve the energy efficiency of pressure driven membranes, major developments are 
unlikely to occur in the near future [6]. Instead, there will be a continued focus on alternative 
desalination processes that can substitute the electrical energy requirement, with low cost 
renewable energy sources. Thermally driven processes such as membrane distillation (MD) 
have gained recent attention as low grade waste heat can be utilised to provide the driving 
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force and provide excellent effluent quality [20]. In addition, osmotically driven membrane 
processes such as forward osmosis (FO) are capable of operating with extremely low energy 
consumption. However, the process alone can only ever provide pre-treatment. For fresh 
water production, a subsequent desalination process is required to separate the draw solution. 
Nonetheless, the potential substitution of conventional pre-treatment processes with FO has 
many advantages. 
 Energy recovery 1.2.2.
Wastewater can have chemical, thermal, and hydraulic energy potential, yet the recovery 
of chemical energy through anaerobic digestion is the simplest and preferred approach. The 
chemical energy potential of wastewater is claimed to be between 2 – 10 times the energy 
required for adequate treatment [21]. These statements rely significantly on the definition of 
‘adequate treatment’ as advanced processes require higher energy input to that of 
conventional methods (Figure 1.3). McCarty et al. [22] estimated that if wastewater typically 
contains 500 mg COD/L, 100% conversion of all forms of carbon has the potential to produce 
1.93 kWh/m3, exceeding the energy requirements of CAS and aerated MBR. When 
considering advanced treatment such as RO, the chemical energy in wastewater may not be 
theoretically sufficient to completely cover energy requirements. Nevertheless, this still 
highlights the potential of the energy source, as well as the pivotal role that high performance 
low-energy treatment processes can play in achieving energy neutrality. 
 
Figure 1.3. Current and achievable targets for chemical energy generation to meet the 
requirements of wastewater treatment processes, including; conventional activated sludge 
(CAS), membrane bioreactor (MBR), and reverse osmosis (RO) [23]. 
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Anaerobic digestion is the preferred technology for chemical energy recovery from 
municipal wastewater, yet the primary reason for adoption of the process is generally for 
effective sludge treatment. Sludge management at WWTPs can account for up to 50% of total 
operating costs and therefore a reduction in volume and stabilisation of the by-product is 
desired [24]. Anaerobic digestion is advantageous as the process can address these 
requirements with the added benefit of producing methane rich biogas that can be utilised as 
a renewable energy source. However, sludge digestion can only partially recover the energy 
potential of wastewater. Firstly, wastewater is very dilute and the CAS process employed to 
produce sludge suitable for anaerobic digestion is both energy intensive and some chemical 
energy is oxidised during the process or is inadequately separated [14]. Secondly, the 
anaerobic digestion process itself is extremely sensitive and requires optimal process 
conditions to avoid inefficiencies [24]. Lastly, difficulties exist for the efficient capture and 
conversion of the produced methane [25]. 
The anaerobic digestion of sludge can be referred to as indirect anaerobic digestion, as 
raw wastewater has undergone previous treatment to produce a high solids content sludge. An 
alternative approach involves direct anaerobic digestion, which has been investigated with the 
aim of replacing aerobic wastewater treatment processes [14, 22, 26, 27]. Despite the 
advantages of negating aeration requirements a number of impracticalities exist for this 
approach. As previously mentioned, the high volumes of dilute wastewater would require 
significant heating requirements to attain optimal conditions, in combination with 
comparatively low COD removal and the difficulties associated with subsequent management 
of nutrients which remain in the liquid effluent. Complications of methane recovery would be 
further aggravated as the effluent volume is larger. Therefore, direct anaerobic digestion is 
unlikely to be a feasible approach to energy recovery and methods that maximise the energy 
generation potential of indirect anaerobic digestion systems should become a focus. 
Furthermore, developments in anaerobic membrane bioreactors (An-MBR) present a 
significant improvement over conventional reactor layouts [28]. 
 Nutrient recovery 1.2.3.
Nutrient recovery from wastewater has received growing attention in recent years as a 
result of increasingly stringent effluent standards, as well as concerns for phosphorus 
security. Although nutrients exist in very small concentrations within wastewater, nitrogen 
and phosphorus content are often the focus of effluent regulations. When effluent is intended 
for environmental release in sensitive receiving waters, excessive nutrient loadings can cause 
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eutrophication. Similarly, removal of these compounds is required when water reuse is 
intended. Methods are well established to reduce nutrient levels to regulatory levels; however 
recovery of nutrients from such a dilute and complex matrix is significantly more 
complicated. 
Methods to recover nitrogen as ammonium include ion exchange, struvite precipitation 
and stripping [15]. However, for these methods to be economically feasible the 
concentrations are generally required to exceed 5 g NH4-N/L. Wastewater typically contains 
less than 0.1 g NH4-N/L [29] and therefore it is more practical to remove nitrogen from 
wastewater using nitrification/denitrification processes. Similar recovery methods are 
available for phosphorus, however the same limitations are present and relate to the low 
phosphate concentrations in wastewater of approximately 8 mg/L [22]. A common removal 
method involves precipitation by salt addition, but results in the phosphate being in a less 
chemically available form to enable recovery. On the other hand, phosphorus can also be 
biologically accumulated and has a higher recovery potential, particularly when anaerobically 
digested. In both situations, the challenge remains to first produce a concentrated stream of 
nutrients, and then to apply the previously mentioned recovery techniques. 
One promising opportunity for nutrient recovery at WWTPs involves the liquid effluent 
produced from anaerobically digested sludge. The anaerobic digestion of concentrated 
wastewater and subsequent dewatering produces a nutrient-rich liquid, also termed digested 
sludge centrate. Despite the high concentrations of nutrients, they are still insufficient to 
provide economically viable recovery. Further concentration of this stream is required and 
can be achieved by implementing pre-concentration processes to concentrate nutrient levels 
whilst simultaneously extracting clean water [30]. Nutrient recovery from digested sludge 
centrate may be a feasible side-stream process that can be integrated easily with current 
wastewater infrastructure. Although both nitrogen and phosphorus may be recovered in an 
integrated manner, a greater focus is required to develop phosphorus recovery due to global 
drivers. Experts predict that phosphorus recovery from wastewater will be practiced over the 
next 20 years in industrialized countries for economic reasons [31]. However, this 
significantly depends on the market price for mined phosphorus and the efficiency of the 
implemented recovery processes. 
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 Strategies to maximise the recovery of resources 1.3.
Strategies to maximise the recovery of resources from municipal wastewater focus on 
avoiding or handling such a dilute and complex mixture [14, 15, 32]. Energy and nutrient 
recovery is simply not economically viable when using current technologies and practices. 
Intervention at both the household and WWTP level may be required, with source separation, 
co-digestion, and pre-concentration representing three feasible strategies to facilitate 
maximum resource recovery. 
 Source separation 1.3.1.
Source separation is a notable strategy to maximise resource recovery as the problem of 
dilution is essentially avoided. Wastewater can be divided into concentrated black water and 
less concentrated grey water. The concentrated streams could effectively undergo direct 
anaerobic treatment for energy recovery, and dilute streams would present a more favourable 
approach to water recovery. Furthermore, urine can be source separated from black water for 
nutrient recovery, as urine contains high concentrations of nitrogen and phosphorus. 
Separating wastewater at the source presents more tangible resource recovery opportunities, 
however the considerable infrastructural investment associated with upgrading collection 
systems has often limited its implementation [33]. 
 Co-digestion 1.3.2.
An alternative strategy to address the dilute nature of municipal wastewater is to 
encourage the disposal of other organic wastes to maximise energy recovery through co-
digestion at WWTPs. This can be achieved by encouraging households to add kitchen waste 
to wastewater using grinders. Otherwise, on a community scale waste could be disposed of 
directly to digesters at WWTPs, including organics originating from municipal solids waste, 
industrial by-products or agricultural crop residues. The latter is more favourable, as addition 
at households may not significantly increase wastewater concentrations and would still 
require separation processes at the WWTP prior to anaerobic digestion. At the same time, co-
digestion at the WWTP does not directly resolve the issue of dilute wastewater and therefore 
pre-concentration techniques in combination with co-digestion would be desirable. 
 Pre-concentration 1.3.3.
Pre-concentration is the term that denotes an advanced concentration process to increase 
the amount of organic matter separated from wastewater so that energy and nutrient recovery 
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becomes more feasible. Unlike source separation or the addition of other organics, pre-
concentration manages dilute wastewater at a centralised WWTP. Pre-concentration would be 
most effectively implemented if applied to raw wastewater, however additional opportunities 
do exist. Since pre-concentration essentially describes a separation technique that results in 
clean water and a concentrated stream, this strategy could in fact be implemented at many 
stages of WWTPs. Current WWTP processes essentially perform pre-concentration, however 
an increased emphasis on maximising recovery is required and a major limitation involves 
the need for further treatment to recover high quality water. This results in the heightened 
need to reinvent and optimise wastewater treatment for integrated resource recovery. This 
idealistic objective personifies efforts to purify wastewater and with continued technological 
development, may be realised for new or re-developments in the near future. 
 Pre-concentration opportunities at wastewater treatment plants 1.4.
Pre-concentration could be effectively applied at a number of stages during wastewater 
treatment, with Figure 1.4 presenting a possible scenario. Firstly, primary treatment aims to 
remove suspended solids and can be achieved by gravity separation in clarifiers as well as 
fine screening. The pre-concentration process would then recover high quality water whilst 
simultaneously concentrating organic compounds. The resultant sludge from both primary 
treatment and pre-concentration would then undergo anaerobic digestion to produce biogas 
for energy production, utilising a combined heat and power (CHP) system. Solids and liquid 
from the digester are separated to produce biosolids and sludge centrate respectively. 
Biosolids are utilised for beneficial reuse, whilst centrate can undergo further processing to 
concentrate nutrients to enable phosphorus recovery. The composition of the remaining liquid 
is highly dependent on the rejection of each pre-concentration technique. Ideally, this stream 
would have a very low volume and the additional process that would be required for the 




Figure 1.4. Pre-concentration based flow sheet for integrated resource recovery. Pre-
concentration processes enable water and nutrient recovery, whilst energy is produced from 
anaerobic digestion, utilising a combined heat and power (CHP) system. 
 Objectives and thesis scope 1.5.
The aim of this thesis is to evaluate the feasibility of applying FO for resource recovery 
from wastewater. The specific objectives are to: 
1. Develop a draw solute selection protocol for processes that integrate FO with 
anaerobic treatment, namely to understand the effects of reverse solute flux on 
anaerobic treatment; 
2. Clarify the effects of draw solution selection and operational conditions associated 
with FO pre-concentration of wastewater, in terms of water flux performance, salinity 
build-up, and membrane fouling; 
3. Elucidate FO membrane fouling and the efficiency of physical membrane cleaning 
during the filtration of high suspended solution solutions (i.e. raw wastewater and 
digested sludge centrate) in resource recovery applications; 
4. Determine suitable operating conditions when integrating FO with anaerobic 




5. Demonstrate phosphorus recovery from digested sludge centrate using a seawater-
driven FO system and investigate the viability of the process. 
 Thesis outline 1.6.
This thesis contains eight chapters and comprises two major research components (Figure 
1.5). Chapter 2 provides a critical assessment of the literature currently available on FO and 
its application to resource recovery. The first major research component focuses on 
evaluating the effects of operating conditions on FO performance (i.e. Chapters 3 – 5). 
Chapter 3 develops a protocol for FO draw solution selection pertaining to applications that 
integrate FO with anaerobic treatment. In Chapter 4, various factors (i.e. operating 
conditions) are assessed and their individual and combined effects on FO performance and 
resource recovery potential are evaluated. Chapter 5 systematically investigates physical 
membrane cleaning techniques that are necessary for optimising the FO process in this 
context. The second component of this thesis presents two key demonstrations of FO 
applications for resource recovery, each utilising the optimised parameters presented in 
Chapters 3 – 5. Firstly, Chapter 6 elucidates the process performances and challenges of 
integrating FO with anaerobic treatment for simultaneous wastewater treatment and resource 
recovery. Secondly, Chapter 7 presents a novel approach to phosphorus recovery that exploits 
some key advantages of the FO process. The conclusions and recommendations of this thesis 
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 Introduction 2.1.
The recovery of water, energy, and nutrient resources from municipal wastewater presents 
a promising solution to a number of prevalent economic, environmental, and social issues. 
Wastewater reclamation can address both water scarcity and environmental pollution [6, 34]. 
Utilisation of the biogas produced from the organic content of wastewater can offset the 
energy requirement for treatment [35]. Nutrient recovery from wastewater also deserves 
special attention due to the increasing stringency of effluent discharge regulations and 
uncertainties associated with minable phosphorus supply for food security [36-38]. Increasing 
awareness of the potential resource value of municipal wastewater has prompted significant 
research efforts to synergise emerging wastewater treatment processes and resource recovery 
techniques [7, 35, 39]. 
Activated sludge treatment is an established biological process that focuses primarily on 
purifying wastewater of organic matter, pathogens, and nutrients, but does not effectively 
facilitate energy and nutrient recovery. Activated sludge treatment is energy intensive due to 
the high electricity demand for aeration and also produces excessive amounts of sludge 
residuals [40]. During activated sludge treatment, the carbon (i.e. chemical energy) and 
nitrogen (i.e. nutrient) contents of wastewater are converted to biomass, carbon dioxide, and 
nitrogen gas. In other words, much of the energy and nutrient contents of wastewater are 
dissipated at the expense of significant energy input. As an alternative, anaerobic treatment 
converts organic substances into methane rich biogas in the absence of oxygen and 
transforms phosphorus to a more chemically available state for subsequent recovery [28]. 
Transitioning from aerobic towards anaerobic based treatment processes has significant 
potential to lower the energy consumption of wastewater operations (i.e. by avoiding 
 
16 
aeration), as well as achieve energy-neutral wastewater treatment (i.e. through biogas 
production) [14, 22, 41-45]. 
The opportunity for wastewater treatment plants (WWTPs) to provide a renewable source 
of useful heat and electricity through biogas conversion is immense [46, 47]. In fact, the 
chemical energy content in municipal wastewater exceeds the electricity requirement of 
operating an activated sludge plant by at least nine times [48]. Despite this significant 
embedded energy content, there are a number of major challenges that currently restrict the 
feasibility of directly anaerobically digesting raw wastewater for energy recovery. The 
concentration of organic matter in wastewater is typically low. Therefore, a sufficient organic 
loading rate cannot be maintained in the anaerobic digester, resulting in a low biogas yield 
and inadequate removal of organic pollutants from wastewater. In addition, since methane is 
slightly soluble in water (22.7 mg/L), at a low biogas yield much of the generated methane 
can be lost via effluent discharge [28]. Several membrane filtration technologies have been 
integrated with anaerobic treatment to overcome these challenges, aiming to improve the 
retention of biomass in the reactor and to increase effluent quality. Anaerobic membrane 
bioreactors (An-MBRs) utilising low pressure membranes such as microfiltration (MF) or 
ultrafiltration (UF) is a notable approach. Nevertheless, the MF/UF membranes used in 
conventional An-MBRs cannot retain dissolved organic carbon. Thus, they are not effective 
for energy recovery and cannot produce a high effluent quality [28]. 
Further developments in An-MBR technology have resulted in the novel hybridisation of 
MBR with high retention membrane processes including nanofiltration (NF), reverse osmosis 
(RO), membrane distillation (MD), and forward osmosis (FO) [49]. Among these high 
retention membrane processes, FO stands out as the most promising candidate for integration 
with anaerobic treatment due to a combination of high separation efficiency and high fouling 
reversibility [50-53]. The integration of FO with anaerobic treatment has been widely 
reported in the literature [54-58]. FO is a unique membrane process that utilises the physical 
phenomenon of osmosis to transport water across a semipermeable membrane. As a major 
advantage, the FO process can operate with minimal external energy input [59]. However, 
further treatment of the draw solution is required to extract fresh water and can be achieved 
using pressure or thermally driven membrane processes [60]. Lutchmiah, et al. [61] provided 
a critical assessment of FO applications for water reclamation. They also highlighted the need 
to develop new membrane materials and optimise draw solute selection as well as key 
operating conditions to facilitate full-scale implementation of FO for water reclamation 
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applications [61]. In another excellent review, Holloway, et al. [62] systematically 
summarised and reviewed all relevant works related to osmotic membrane bioreactors for the 
production of high quality potable water from impaired sources including wastewater. A 
report by Xie, et al. [39] in particular identified the untapped potential of FO amongst several 
other membrane separation processes for recovering nutrients from municipal wastewater. 
Indeed, there is growing support that FO has the potential to be an important technology in 
the future of wastewater treatment [59, 61, 63, 64]. 
Integrating FO with anaerobic treatment is essential for energy and nutrient recovery. The 
viability of the anaerobic osmotic membrane bioreactor (An-OMBR) has been demonstrated 
where the FO membrane is submerged inside the anaerobic bioreactor [54, 56, 57]. An 
alternative approach uses FO to firstly pre-concentrate raw wastewater to a high strength for 
subsequent anaerobic treatment. The concept of wastewater pre-concentration is yet to be 
fully explored, but it holds significant opportunities for resource recovery applications. 
Preliminary investigations into process efficiency [65, 66] have been conducted. However, 
issues of draw solution selection, salinity accumulation, membrane fouling, and anaerobic 
treatment integration have not been adequately addressed. 
This chapter critically reviews recent applications of FO for recovering energy and 
nutrients from municipal wastewater by integrating with existing resource recovery 
techniques (i.e., anaerobic digestion and phosphorus precipitation) and other complementary 
processes (e.g., MD and RO) for clean water extraction. The challenges and potential 
opportunities associated with FO-based treatment processes are evaluated in terms of 
treatment efficiency and resource recovery potential. The outlook of an integrated FO 
membrane-based system for simultaneous wastewater treatment and resource recovery is 
discussed. A research roadmap for further development of FO for resource recovery from 
wastewater is also outlined and discussed. 
 Forward osmosis 2.2.
Water transport during FO is driven by an osmotic pressure difference across a 
semipermeable membrane. The water flux (𝐽𝑤)  can be expressed in terms of the water 
permeability coefficient of the membrane (𝐴) and the bulk osmotic pressure of the draw 
solution �𝜋𝐷,𝑏� and the feed solution �𝜋𝐹,𝑏�: 
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𝐽𝑤 = 𝐴�𝜋𝐷,𝑏 − 𝜋𝐹,𝑏� Equation 2.1 
This expression however, relies on the assumption that an ideal membrane is used 
whereby the draw solute does not diffuse back into the feed solution, as well as the existence 
of a perfect concentration (osmotic pressure) gradient between both sides of the membrane. 
The latter relates to the complex associations between concentration polarization; reverse 
solute flux; and membrane fouling, which exist as a result of feed and draw solution 
chemistry; membrane characteristics; and operating conditions [67]. Each of these factors 
contribute to the lower than expected flux behaviour observed during FO operation, which 
remains the most significant challenge for the viability of the FO process. 
 Forward osmosis membranes 2.2.1.
FO membranes have an asymmetric structure and are composed of an active and support 
layer. The active layer has a dense selective structure and the support layer is porous to 
provide mechanical support. Until recently, the most widely available FO membrane is a 
cellulose triacetate (CTA) membrane by Hydration Technologies Innovation (HTI). CTA 
membranes are reported to be chlorine resistant and are reasonably robust in terms of 
thermal, chemical, and biological degradation [61]. Unfortunately, these properties limit the 
flux performance of the membrane as the thickness of the support layer reduces the osmotic 
driving force as a result of internal concentration polarisation (ICP). Newly developed, thin-
film composite (TFC) membranes reduce the extent of ICP and consist of a selective 
polyamide active layer, with a polysulfonate support layer [68]. The TFC membrane also 
provides increased permeability and a wider pH tolerance, but mechanical stability still 
requires further improvement [61]. Cross-sectional SEM images of each membrane are 
shown in Figure 2.1 and demonstrate the remarkably different structural characteristics. It is 
noteworthy to mention that the CTA FO membrane produced by HTI is no longer 
commercially available. Instead, Porifera Inc. has emerged as the market leader in FO 







Figure 2.1. Cross-sectional SEM images of (A) CTA FO membrane – polyester mesh 
embedded within the polymer material and (B) TFC FO membrane – polyamide with PET 
non-woven fabric support. Figure adapted from Cath, et al. [69] and Yip, et al. [70]. 
Because FO membranes have an asymmetric structure, two options for membrane 
orientation exist. FO mode refers to when the active layer faces the feed solution and pressure 
retarded osmosis (PRO) mode is when the active layer faces the draw solution. The selected 
orientation has a significant effect on FO performance in terms of flux behaviour and 
membrane fouling. Larger permeate water flux can be observed when operated in PRO mode 
as the draw solution is in contact with the active layer and therefore is not affected as 
severely by ICP. On the other hand, in PRO mode membrane fouling is more prominent as 
the support layer is in contact with the feed solution [61]. As a result, it is widely accepted 
that for wastewater applications FO mode provides the most fouling resistant orientation, due 
 
20 
to the active layers high rejection characteristics and lower flux environment. For these 
reasons, the FO mode (i.e. active layer facing the feed solution) is exclusively applied 
throughout this thesis. 
 Configurations 2.2.2.
FO membrane configurations can include spiral wound, hollow fibre, and plate and frame. 
The ideal configuration is the one which can provide the highest membrane packing density, 
however additional consideration must be given to the way in which the feed and draw 
solutions contact the membrane. Spiral wound FO membranes provide a high packing 
density, but high fouling wastewater can increase concentration polarisation and potentially 
clog spacers. Hollow fibre membranes are self-supported and can also be arranged with a 
high packing density. The plate and frame configuration is known to be most suited to 
wastewater applications, since high cross-flow velocities can be attained (reducing 
concentration polarisation) as well as allowing sufficient backwashing or cleaning to take 
place [61]. Because of this arrangement however, plate and frame configurations are more 
expensive than others. 
 Draw solutes 2.2.3.
The draw solution provides the osmotic driving force for the FO process and is therefore a 
significant factor in determining FO performance. A range of criteria for the selection of 
suitable draw solutions has been developed [71, 72], namely the pre-requisite parameter is 
that the draw solution must have a higher osmotic pressure than the feed solution. Solutes that 
can generate high osmotic pressures are often highly soluble and have a low molecular 
weight [73]. Furthermore, other desirable factors that make suitable draw solutions include 
low reverse solute flux, high diffusion coefficient, low viscosity, and membrane compatibility 
[73, 74]. The cost of the draw solution should also be taken into account as replenishment 
costs could significantly enhance the operating costs of FO. An additional consideration is the 
recovery or use of the diluted draw solution, as these processes essentially determine the 
energy efficiency of the system [71]. Alongside the developments required for membrane 
materials, research into the application or development of novel draw solutions remains an 
integral component for the future of FO, particularly in a wastewater treatment context. When 
considering the limitations of membrane materials, although desirable, a perfectly 
semipermeable membrane may not be possible and therefore these constraints may rely on 
developments in other areas. 
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 Concentration polarisation 2.2.4.
Concentration polarization is an inherent limitation for high retention membrane 
processes, but FO is further complicated by the presence of the draw solution. Figure 2.2 
illustrates the concentration profile for an asymmetric membrane operated in FO mode, 
whereby the effective osmotic driving force (∆𝜋𝑒𝑒𝑒) across the membranes active layer is 
substantially lower than the bulk osmotic pressure difference (∆𝜋𝑏) between the feed and 
draw solutions. As shown, external concentration polarization (ECP) can occur on both the 
feed and draw side of the membrane, and describes the concentration or dilution of the bulk 
solution close to the membrane surface boundaries. Though, ECP has shown to have a 
minimal effect on flux decline in FO when the cross-flow velocity is increased [75].  
By contrast, internal concentration polarisation (ICP) occurs within the porous support 
layer of the membrane and has a significant effect on FO performance as mitigation methods 
are limited. ICP is unique to FO as unlike RO, the support layer is in direct contact with the 
draw solution and plays an active role in providing the driving force for water transport. 
During FO mode, dilutive ICP occurs due to the difference in concentrations on the 
boundaries of the support layer and results in a significant reduction in water flux. The 
performance limiting effects of ICP have been found to be far greater than that of ECP and 
therefore reducing the effects of ICP remains a focal point for development of FO membranes 
and draw solution optimisation [76]. 
 
Figure 2.2. Concentration profile for asymmetric FO membrane (FO mode) demonstrating 
external concentration polarisation (ECP) of the feed and draw solutions; and internal 
concentration polarisation (ICP) within the support layer. 
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 Reverse solute flux 2.2.5.
Reverse solute flux describes the diffusion of solutes from the draw solution through the 
membrane and into the feed solution, opposite to the direction of water flux. This occurs 
because the membrane is not ideally impermeable to all solutes and the large concentration 
difference permits diffusion. Reverse solute flux can be affected by the membrane structural 
characteristics, as well as by the physiochemical properties of the draw solution [77]. Reverse 
solute flux is recognised as a significant impairment of the FO process due to a number of 
reasons. Migration of the draw solute across the active layer can lead to concentration 
polarisation, particularly within the fouling layer on the feed side of the membrane and 
reduces the effective osmotic pressure [51, 78]. Additionally, replenishment of the lost draw 
solute is required and would increase operating costs. Reverse solute flux also restricts a 
number of FO applications, when contamination of the feed solution by the draw solute is 
undesirable. These include food concentration and drug release applications [79], however 
limitations may also exist for wastewater treatment and desalination applications, particularly 
in relation to FO concentrate management or disposal [61]. 
 Membrane fouling 2.2.6.
FO is widely recognised as having a lower fouling propensity compared to pressure 
driven membranes due to the difference in driving force [51]. During RO the large hydraulic 
pressure required to generate high water flux creates a highly compacted fouling layer that 
cannot be easily removed by hydraulic means. Whereas during FO, even at an identical 
permeate flux the nature of the osmotic driving force creates a less dense fouling layer and 
therefore the flux can be completely recovered in some scenarios. Therefore, the lower 
fouling propensity experienced during FO relates to the reduced occurrence of irreversible 
fouling. Nevertheless, membrane fouling is still an issue for FO and further research is 
required to better understand fouling mechanisms, as well as to develop strategies to reduce 
the effects of membrane fouling. 
The complexities of membrane fouling have led to a number of studies attempting to 
understand the fouling mechanisms which occur during FO. Studies on organic fouling [80-
85], inorganic fouling [86-88], and biofouling [89-91] have emerged with a focus on 
wastewater as the feed solution. A number of factors affect FO membrane fouling, with flux 
decline behaviours reported to be distinctly different depending on the foulant type and 
characteristics, employed draw solution, and other process parameters [51]. There is 
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however, a lack of long-term operational demonstrations of direct FO treatment of 
wastewater that focus on membrane fouling. 
One important fouling mechanism which can lead to severe FO flux decline is cake-
enhanced osmotic pressure (CEOP). CEOP occurs due to solute trapping between the fouling 
cake layer and the active layer of the membrane, as a result of reverse solute flux [51]. This 
causes the osmotic pressure on the feed side to dramatically increase, leading to an associated 
drop in the effective osmotic pressure difference and therefore driving force across the 
membrane. It is important to note that the flux decline is not attributed to the cake layer 
resistance, but because of concentration polarisation. The solute transport properties of the 
draw solutions are therefore extremely important and it has been shown that draw solutes 
such as sodium chloride which have a large reverse solute flux, can accelerate CEOP, leading 
to unsustainable FO operation [51]. 
A number of studies have demonstrated that organic and inorganic fouling can be 
successfully mitigated by optimising the feed hydrodynamic conditions without employing 
chemical cleaning [67, 80, 92]. Yet, there is still a significant focus on the most sustainable 
operational and cleaning protocols to tolerate membrane integrity and to reduce flux decline. 
Overall, the least invasive techniques of physical hydraulic cleaning have shown excellent 
results in terms of flux recoverability. Hydraulic cleaning can significantly affect the 
structure of the organic fouling layer which removes the hydraulic resistance cause by the 
layer and which is responsible for flux decline. 
 Draw solute regeneration and water recovery processes 2.2.7.
Wastewater treatment by FO is generally recognised as a pre-treatment process when 
recovery of potable water is desired. The draw solution requires an additional desalination 
process such as RO, nanofiltration (NF) or MD, to extract clean water, as well as replenish 
the draw solute concentration in the draw solution (rejected brine recycle) in order to 
regenerate the osmotic driving force [93]. Despite the disadvantages associated with the 
energy input required to operate these systems, the constituents of the draw solution can be 
controlled and therefore so too can the feed water conditions for the regeneration process. 
Thus, FO can represent a potentially ideal pre-treatment system for subsequent desalination 
processes. Furthermore, the integration of energy recovery via anaerobic digestion can be 
justified when considering the energy involved to operate draw solute regeneration systems. 
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For example, the produced heat from co-generating biogas could be beneficially utilised by 
the MD process. 
The combination of forward osmosis – membrane distillation (FO-MD) has emerged as a 
potentially viable hybrid system since heating requirements could be provided by renewable 
sources such as solar, waste heat or biogas powered CHP systems [94]. This being said, there 
are limited studies which compare the effectiveness of regeneration methods in terms of 
energy efficiency, particularly in relation to draw solution selection and concentration. Some 
studies have included analysis within draw solution selection, however these are limited to 
either RO [72] or NF [95]. Therefore, a comprehensive energy balance is yet to be conducted 
for FO-MD systems. Furthermore, a limited number of studies specifically focus on the 
optimisation of FO hybrid systems, with only basic performance parameters [96] and novel 
applications [97, 98] being emphasised at this stage. 
Other opportunities have also been explored as an attempt to avoid the high energy costs 
of recovering water from the draw solution. This alternative involves utilising a draw solution 
that can be directly used or discharged into the environment after dilution by the FO process. 
Firstly, readily available solutions such as seawater or RO brine have gained attention as 
potential draw solutions [99]. These could provide a significantly lower cost wastewater 
management strategy in some areas, however the major disadvantage is that the process does 
not produce clean water for alternative uses. The use of nutrient solutions has been 
demonstrated, particularly for emergency applications whereby the diluted draw solution can 
be directly consumed [69]. Additionally, concentrated liquid fertilizers have been considered 
for use as a draw solution to extract clean water from impaired sources and provide a nutrient 
source for fertigation purposes [100, 101]. 
 Forward osmosis for wastewater treatment 2.3.
Interest in applying FO to wastewater treatment has grown significantly in recent years 
[60, 61, 63, 79, 99, 102]. These potential applications are motivated by several advantages of 
FO over current wastewater treatment technologies. Given its good fouling reversibility, FO 
can be directly applied to a complex solution without extensive pre-treatment [103]. High 
rejection of dissolved contaminants is another important advantage of FO for wastewater 
treatment. When FO is combined with a draw solute recovery process, clean water can be 
produced from the draw solution, furthering water reuse opportunities. These unique features 
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of FO have spurred the development of several system configurations for wastewater 
treatment and water reclamation. 
 Forward osmosis system configurations for wastewater treatment 2.3.1.
Three major system configurations have been developed for FO wastewater treatment 
applications and vary depending on the type of solution in contact with the FO membrane 
(Figure 2.3). Firstly, the most widely recognised approach is the aerobic osmotic membrane 
bioreactor (Ae-OMBR) [104-110] whereby wastewater is fed into an activated sludge reactor 
(Figure 2.3A). Secondly, several research groups have explored the potential of An-OMBRs 
[54, 56, 57] for wastewater treatment and the production of biogas (Figure 2.3B). Both 
OMBR configurations typically utilise a submerged FO module, as the high solids content of 
the mixed liquor and digested sludge can cause blockages in other arrangements. The third 
configuration (Figure 2.3C) adopts a similar approach to the An-OMBR (Figure 2.3B). 
However, in this configuration, wastewater is firstly pre-concentrated by the FO membrane 
prior to anaerobic digestion [65, 66, 111, 112]. A key benefit of this configuration is that the 
FO membrane is in contact with concentrated wastewater, which has lower fouling 
propensity compared with the mixed liquor inside an An-OMBR. Similar to conventional 
MBRs, the submerged configuration appears most suited for wastewater pre-concentration as 





Figure 2.3. Schematic representation of three major FO system configurations for 
wastewater treatment: (A) Ae-OMBR, (B) An-OMBR, and (C) wastewater pre-concentration 




 Treatment performance of forward osmosis systems 2.3.2.
The level of treatment provided by each FO system can differ considerably, due to the 
type of biological treatment applied, process conditions, and membrane properties (Table 
2.1). The treatment performance of an FO system is generally indicated by the removal 
efficiency of organic matter, nitrogen, phosphorus, and trace organic contaminants (TrOCs). 
In all the FO system configurations discussed above, a high removal efficiency of a broad 
range of contaminants can be achieved, since FO membranes are highly effective at retaining 
organic compounds, colloidal particles, and microbes in the feed solution (Table 2.1). 
Similarly, FO membranes have consistently demonstrated near complete rejection of 
phosphorus for two reasons. Electrostatic repulsion occurs between negatively charged 
phosphate ions and the negative surface charge of the FO membrane, deterring phosphate 
transport through the membrane. Another important rejection mechanism for phosphorus is 
size exclusion, as phosphate has a large hydrated radius [114]. The superior rejection 
capability of FO membranes for organic matter and phosphorus has far reaching implications 
for wastewater treatment and resource recovery. To highlight this point, conventional An-
MBRs (i.e. which utilise MF or UF membranes) cannot achieve sufficient phosphorus 
removal and have a significantly lower organic matter removal efficiency compared to An-
OMBRs [56]. Thus, the integration of FO with anaerobic treatment in the form of An-OMBR 




Table 2.1. Summary of FO wastewater treatment performance in terms of the removal efficiency of organic matter (i.e. total organic carbon 





Removal Efficiency (%) Ref. 
Organic matter Phosphorus Nitrogen 




98% - - 99% - [115] 
TFC  
(cross-flow) 
96% - - 99% - [115] 
CTA (submerged 
    plate-and-frame) 
- >99% >99% - >82% [106] 
CTA (submerged  
    plate-and-frame) 
98% - >99% PO43- 80-90% - [108] 
CTA (submerged  
    plate-and-frame) 
98% - - 98% - [116] 
CTA (submerged  
    plate-and-frame) 
>98% - - >98% - [52] 
An-OMBR 
 
CTA (submerged  
    plate-and-frame) 
- >95% >99% FO only Ammonia = 70-80% - [56] 
CTA (submerged  
    plate-and-frame) 
- 96.7% 99% 60% - [54] 
CTA (submerged  
    plate-and-frame) 




CTA (submerged  
    plate-and-frame) 
- 99% 99% PO43- Ammonia = 
67-68% 
56-59% [117] 
CTA (pilot-scale  
    spiral wound) 





The removal of nitrogen by FO-based systems is highly variable and depends on the 
structure of nitrogen bearing compounds in the solution and the biological treatment process 
[118] (Table 2.1). FO membranes alone have an incomplete rejection of neutral ammonia (i.e. 
<80%) [56, 117] compared with positively charged ammonium ions [114]. At neutral pH, 
Ae-OMBRs can provide some nitrogen removal capacity as a result of both biological 
degradation (i.e. via nitrification/denitrification) and FO membrane rejection. On the other 
hand, An-OMBRs and FO-anaerobic systems do not provide any biological nitrogen removal 
capacity. However, it is noteworthy that nitrogen removal could be achieved via struvite (i.e. 
magnesium ammonium phosphate) recovery, by deploying a dedicated ammonia recovery 
process, or by converting ammonia microbiologically into nitrous oxide for enhanced biogas 
utilisation [119]. 
The high TrOC removal capability of FO membranes is another notable advantage [120, 
121]. The safe implementation of potable water reuse schemes relies on the ability of 
treatment processes to remove a wide range of TrOCs including, pharmaceutical residues, 
steroid hormones, phytoestrogens, UV-blockers, and pesticides [122-124]. In terms of FO 
configurations for wastewater treatment, the Ae-OMBR is likely to offer the most effective 
removal of TrOCs due to the combined effect of biodegradation and membrane rejection 
[120]. It is noteworthy that the removal of TrOCs by An-OMBRs has scarcely been reported 
in the literature [125]. 
 Forward osmosis membrane-based hybrid systems for water recovery 2.3.3.
Additional separation processes must be integrated with FO to recover fresh water and re-
concentrate the draw solution. Key considerations for the draw solute recovery process 
include the ability to reject the draw solutes, draw solution compatibility with the subsequent 
biological treatment process, and energy requirements of the overall hybrid system. Hybrid 
systems that couple FO with pressure driven (e.g. NF and RO) [107, 126], thermally driven 
(e.g. MD) [127-129], or electrically driven (e.g. electrodialysis (ED)) [130] membrane 
processes have been reported in the literature (Figure 2.4). In these hybrid systems, FO pre-
treats wastewater and provides a foulant-free solution for draw solute recovery. As a result, 
FO membrane-based hybrid systems have the potential to produce a higher quality effluent 
and improved process efficiency compared with treating raw wastewater directly with the 
above mentioned high retention membrane processes [63]. FO membrane-based hybrid 
systems are often termed a double-barrier defence for a wide range of contaminants. 
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However, as discussed in the next section, some contaminants can accumulate in the draw 
solution, presenting a limitation for the practical application of these hybrid systems. 
 
Figure 2.4. Schematic of FO membrane-based hybrid systems utilising: (A) pressure 
driven RO or NF, (B) thermally driven MD, and (C) electrically driven ED. 
2.3.3.1. Contaminant accumulation in the draw solution 
A major limitation for the practical application of FO membrane-based hybrid systems is 
the potential accumulation of contaminants in the draw solution. FO membranes are not 
completely impermeable to all dissolved solutes. Thus, contaminants that pass through the 
FO membrane but are retained by the draw solute recovery process inevitably accumulate in 
the draw solution in a closed-loop system. Previous studies have observed the accumulation 
of small organic compounds, ammonium, and phosphate ions using FO-RO [107] and FO-
MD [97] hybrid systems. Accumulation of TrOCs has also been observed, with the type of 
TrOC depending on the rejection capability difference between the FO and draw solute 
recovery processes [97, 131]. 
Contaminant accumulation is an issue for the practical application of FO hybrid systems 
as the product water quality can be hampered and may even lead to membrane fouling in the 
draw solute recovery process [60, 132]. Luo et al. [107] presented evidence that the 
accumulation of contaminants in the draw solution of an Ae-OMBR-RO system caused an 
increased RO permeate concentration of organic matter and ammonium, hence, negatively 
affecting product water quality. Similar results were reported by D’Haese et al. [131] when 
they modelled TrOC accumulation in an FO-RO system. They observed TrOC build-up to a 
level in excess of the feed concentration which led to a contaminated product water [131]. 
The risk of membrane fouling in the draw solute recovery process caused by contaminant 
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accumulation in the draw solution has also been demonstrated. The permeability of the RO 
membrane in an OMBR-RO system was shown to gradually decline, suggesting that some 
small organic molecules can accumulate and act as foulants on the RO membrane [107]. The 
risk of fouling is also applicable to other draw solute recovery processes after long-term 
operation, unless mitigation strategies are adopted. 
To safegard the production of high quality product water and to reduce the risk of 
membrane fouling in FO draw solute recovery systems, additional treatment processes can be 
integrated to mitigate contaminant accumulation in the draw solution. The type of treatment 
process generally depends on the contaminant of concern. In wastewater applications, 
granular activated carbon (GAC) adsorption and ultraviolet (UV) oxidation have both proved 
to be effective processes, targeting the mitigation of organic matter and TrOCs [97]. In 
addition, ion exchange has been applied to the removal of accumulated boron in the draw 
solution of a seawater desalination process [133]. For wastewater specific applications, 
further research is required to address a number of practical considerations when mitigating 
contaminant accumulation in the draw solution. It is noted that draw solute selection can 
greatly impact the applicability of the applied mitigation strategy. For example, GAC and UV 
are not compatible with organic-based draw solutes, which can interfere with the adsorption 
process or be degraded by UV radiation, respectively [134]. 
Further research is necessary to assess the extent and impact of contaminant accumulation 
over long-term operation in wastewater applications using FO. Ongoing research progress in 
the fabrication of FO membranes can improve the rejection of target contaminants and 
suppress their accumulation in the draw solution [135]. Promising results have been achieved 
through the application of novel side-stream processes to remove contaminants from the draw 
solution in systems that utilise RO, NF, or MD for draw solute recovery. When ED is used 
for draw solute recovery, post-treatment methods may be necessary since ED has a relatively 
low removal capacity for organic compounds [130]. In addition, FO operating parameters can 
also be optimised to minimise the forward diffusion of contaminants into the draw solution. 
2.3.3.2. Energy consideration for FO membrane-based hybrid systems 
Energy considerations for FO membrane-based hybrid systems are of paramount 
importance due to the common misconceptions regarding forward osmosis as a desalination 
technology [136]. The FO process itself only requires minimal energy for water transport 
through the membrane as the draw solution provides the osmotic driving force [59]. 
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However, it is the draw solute recovery process which dictates the energy consumption of the 
entire hybrid system [137]. FO based hybrid systems can utilise mechanical (i.e. pressure), 
thermal, or electrical energy to power the draw solute recovery process (Figure 2.4). 
Although the energy demand for draw solution regeneration by RO or MD is high [63], it is 
noteworthy that membrane fouling associated with FO wastewater treatment is highly 
reversible compared with direct RO [51] or MD filtration [97]. By comparison, during 
conventional wastewater treatment, intensive pre-treatment is required (i.e. activated sludge 
treatment and MF) prior to RO for potable water production. In other words, the costs 
associated with these conventional wastewater treatment processes could be replaced by the 
FO process. 
The most promising avenue for FO membrane-based hybrid treatment systems to provide 
low energy treatment of wastewater arguably involves applications whereby low-cost heat 
can be utilised for draw solute recovery. MD is a thermally driven membrane process that has 
significant potential, since alternative low-cost or waste thermal energy can be applied to 
power the draw solute recovery process. It is noteworthy that in all thermally driven 
processes, the energy efficiency is proportional to temperature (thermal quality) [138]. Thus, 
the abundance of cheap or free low-grade heat is an important factor. In areas of high solar 
radiation, solar thermal can be used as the primary energy source. Alternatively, low-grade 
waste heat could be captured from nearby industrial processes. Lastly, the heat co-generated 
from the production of biogas from wastewater organic matter presents a practical approach 
to supply such thermally driven separation processes. 
In terms of energy consumption, very few comprehensive comparisons of draw solute 
recovery processes have been reported in the literature. Life cycle analyses of FO-RO hybrid 
system primarily focus only on seawater desalination applications. The results were 
inconclusive and showed that at the current stage of FO development, FO-RO processes may 
have comparable costs [139] or a higher energy use and environmental impact [140] 
compared with current technologies for seawater desalination and water reuse. It is also noted 
that there has not been any life cycle analysis of FO-based hybrid system specifically for 
wastewater treatment applications. Further studies are crucial to practically evaluate the 
energy outlook of FO processes related to wastewater treatment and resource recovery 
applications. 
Another potential opportunity to improve the energy favourability of FO systems involves 
the case where the diluted draw solution has a direct use, therefore no draw solute recovery 
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process is required. For example, the use of fertilizers as a draw solution to extract clean 
water for irrigation from compromised sources has been recently demonstrated. The product 
is a diluted fertiliser solution that can potentially be directly applied for fertigation purposes 
[58, 141, 142]. In these examples, water is recovered in a directly usable form. There is a 
similar argument for the use of seawater RO brine as the draw solution. Researchers have 
proposed that diluting the brine by treating wastewater with FO, and subsequently extracting 
water by seawater RO desalination can provide a sustainable approach to dual issues (i.e. 
wastewater management and fresh water availability) [143]. In some cases, it has been 
reported that the required energy for the combined osmotic dilution and water recovery by 
RO is more than a single RO process [63]. The suitability of osmotic dilution is highly 
dependent on local factors, however the low energy consumption of osmotic dilution is a 
major advantage. 
2.3.3.3. Other limitations of FO-based hybrid systems 
Further to contaminant accumulation and energy considerations, there are a number of 
inherent limitations of FO-based hybrid systems. During the process, the loss of draw solute 
(i.e. reverse solute flux) negatively impacts process efficiency by lowering the osmotic 
driving force [144]. This increases operating costs as solute must be periodically 
supplemented [145], and elevates salinity accumulation in the feed solution [146]. Another 
limitation is the low water flux of the FO process [147]. Unless significant improvements in 
membrane materials and draw solution efficiency are made, the capital costs associated with 
the required FO membrane area to compensate the low flux are extensive. 
 Resource recovery using forward osmosis 2.4.
Extending the established efforts of wastewater treatment, FO has been recognised as a 
highly suitable technological building block to facilitate nutrient and energy recovery from 
wastewater. A number of recent studies have demonstrated the capability of FO-based 
processes to improve the recovery of energy and nutrients from various wastewaters (Table 
2.2). Some of these FO-based processes are able to recover resources whilst simultaneously 
providing wastewater treatment when coupled with a draw solute recovery process. Despite 
these promising demonstrations of simultaneous wastewater treatment and resource recovery 
by FO-based processes, a number of key technical challenges require further development. 
More research is needed to optimise the integration of FO with anaerobic processes for 
biogas production, to overcome issues of salinity accumulation and membrane fouling. Also, 
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it is necessary to focus efforts on developing nutrient recovery using FO to address the key 
issues of product purity and membrane fouling/scaling during long-term operation. 
 Integrating forward osmosis with anaerobic treatment for biogas production 2.4.1.
Integrating the FO process with anaerobic treatment is a promising avenue to produce 
biogas and recover nutrients from wastewater. Two distinct approaches include the An-
OMBR configuration or direct FO pre-concentration followed by an anaerobic digester. 
Demonstrations of FO-based systems producing biogas have focused almost exclusively on 
An-OMBRs, where the FO membrane is submerged within the anaerobic bioreactor (Table 
2.2). Recent research has reported the potential of An-OMBRs as methane yields between 0.2 
and 0.3 L CH4/g COD were achieved in lab-scale studies [54, 56]. Compared to conventional 
anaerobic digesters, the inclusion of the FO membrane can provide a number of important 
advantages. Firstly, the treatment performance of An-OMBRs surpasses conventional 
anaerobic systems in terms of organic matter and nutrient removal [28, 58]. FO membrane 
separation also allows the system to operate at a high organic loading rate by decoupling the 
hydraulic retention time and the solid retention time, hence, lowering the process footprint 
[148]. Lastly, potable water production is enabled by adopting an appropriate draw solute 
recovery process for the draw solution. 
An alternative approach that could essentially achieve the same objective as An-OMBRs 
involves directly processing primarily treated wastewater by FO and then feeding the 
concentrate to an anaerobic treatment system. A key advantage of this configuration (Figure 
2.3C) is that the FO membrane is in contact only with wastewater, which is more dilute than 
sludge. Sun, et al. [149] reported that fouling reversibility was higher in a direct FO system 
compared to an OMBR, attributed to differences in the solutions microbiological behaviour 
[103]. Similarly, membrane degradation may be less severe in direct FO configurations, as 
prolonged exposure to activated sludge in OMBRs has shown to result in significant 
performance degradation to both cellulose triacetate (CTA) and thin film composite (TFC) 
FO membranes [150]. Furthermore, the volumetric loading of the anaerobic treatment system 
could be drastically reduced, owing to the pre-concentration of wastewater by the FO 
membrane. Enriching the COD concentration of wastewater has the potential to increase the 
energy recovery per unit volume of digestate and to minimise digester heating energy 
requirement [111]. Detailed studies are needed to assess the pre-concentration capability of 
FO as well as to demonstrate the process performance and challenges. 
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Table 2.2. Summary of FO-based resource recovery processes.  
Feed solution FO-based process Recovered resource Draw solution 
Draw solute 
recovery process Performance Ref. 
Synthetic 
wastewater 
An-OMBR Biogas NaCl Manual re-concentration Methane yield = 0.21 L CH4/g COD [54] 
An-OMBR Biogas NaCl Manual re-concentration Methane yield = 0.3 L CH4/g COD [56] 
An-OMBR Biogas NaCl and Na2SO4 
Manual re-
concentration 
NaCl An-OMBR had a higher biogas methane 




Ae-OMBR Calcium phosphate MgCl2 and NaCl 
Manual re-
concentration Phosphorus content >11% [108] 
MF-Ae-OMBR Calcium phosphate Seawater brine Osmotic dilution 
MF extracted dissolved nutrients. 
Phosphorus content = 11–13% [151] 
MF-Ae- OMBR-RO 
Calcium or magnesium 
phosphate 
Fresh water 




FO pre-treatment Nutrient concentrate (i.e. ammonia and phosphate) 
Synthetic 
seawater Osmotic dilution 
Ammonia removal = 66.7% 





Nutrient concentrate (i.e. 
ammonia and phosphate) 
Fresh water 
NaCl RO 
Ammonia removal =82.9–92.1 % 
Phosphate removal=99.6–99.9% 







Ammonium removal >90% 
Phosphate removal >97% 
Bidirectional diffusion of Mg2+ and protons 
improved struvite recovery. 
[152] 
Urine FO pre-treatment 







Ammonium removal = 50–80% 
Phosphate removal > 90% 





The primary purpose for considering anaerobic treatment for wastewater treatment is to 
recover the chemical energy contained in wastewater through biogas conversion. In the 
proposed FO-based process (Figure 2.5), biogas produced from the anaerobic treatment 
process has significant potential to supply the energy requirements of the system. In this case, 
MD presents a favourable opportunity for draw solute regeneration, as the driving force of 
MD is temperature. A combined heat and power engine can convert biogas into heat for the 
MD system. Furthermore, electricity can be utilised onsite or fed back into the grid. 
According to an energy audit of the Prague WWTP, under an optimal condition, 70–80% 
energy self-sufficiency could be achieved by fully utilising the embedded chemical energy in 
wastewater for biogas production [153]. Thus, energy self-sufficiency is possible with further 
improvement in engineering efficiency. Lastly, anaerobic treatment partially mineralises 
organic nitrogen and phosphorus to their soluble forms (i.e. ammonium and phosphate). This 
action increases the chemical availability of nutrients for subsequent recovery. Despite these 
benefits, the major technical challenges that limit the feasibility of integrated FO and 
anaerobic treatment systems are salinity accumulation and membrane fouling. 
 




2.4.1.1. Salinity accumulation 
Salinity accumulation is a prevalent issue for the integration of high retention membrane 
processes with biological treatment [49]. For FO, this issue is further exacerbated by the 
reverse diffusion of solutes from the draw to the feed solution (i.e. reverse draw solute flux). 
The accumulation of salt in the feed solution inevitably increases its osmotic pressure and can 
negatively impact water flux. More importantly, salinity accumulation is a major hindrance 
when integrating FO with anaerobic treatment since methanogenic activity can be inhibited at 
high inorganic salt concentrations, leading to severely reduced biogas production rates [24]. It 
is noteworthy to mention that methane solubility decreases as salinity increases [154]. This 
could be beneficial in terms of reducing methane loss via permeate. The extent of salinity 
accumulation and the impact on water flux and anaerobic treatment is strongly affected by the 
selected draw solution and the FO operating conditions (i.e. concentration factor). The 
relative contribution of each salinity accumulation mechanism can be predicted based on the 
operating conditions and draw solute properties [146, 155]. For this application whereby 
organic loading rates should be increased, the FO concentration factor must be maximised. 
Yet, the concentration factor is proportional to the rate of salinity build-up and therefore a 
trade-off exists between the effects of salinity accumulation and process efficiency. Thus, a 
variety of strategies have been proposed to alleviate salinity accumulation in FO-based 
systems. 
The draw solution significantly influences both the rate of reverse draw solute flux and 
the type of solutes that accumulate in the feed solution [74, 144]. Feasibility studies have 
shown that the use of sodium chloride as the draw solution in An-OMBRs inevitably leads to 
severe salinity accumulation that detrimentally affects water flux and system efficiency [54, 
56]. Furthermore, the accumulation of both sodium chloride and sodium sulphate draw 
solutes significantly impacted growth of methanogens in An-OMBRs [57]. One approach to 
mitigate this problem is to utilise alternative draw solutes (Figure 2.6A). Overall, ionic 
organic draw solutes such as sodium acetate (NaOAc) and ethylenediaminetetraacetic acid 
(EDTA) based salts hold the greatest promise. The reverse solute flux of NaOAc and EDTA-
2Na are reported to be 70% and 86% lower than sodium chloride, respectively, which reduces 
the rate of salinity accumulation and draw solute replenishment [156]. The use of ionic 
organic draw solutes has been demonstrated in lab-scale Ae-OMBRs and has shown excellent 
mitigation of salinity build-up in the reactors [127, 134]. In terms of anaerobic treatment, no 
demonstrations of alternative draw solutes have been reported, therefore there is a need to 
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develop a draw solution selection criterion specifically for FO processes that integrate 
anaerobic treatment. Importantly, the risk of methanogenic inhibition as a result of reverse 




Figure 2.6. Mitigation of salinity accumulation by (A) alternative draw solutions for Ae-
OMBR [134] and (B) MF withdrawal of total dissolved solids (TDS) in an OMBR (adapted 
from Qiu et al. [151]). 
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The high cost of ionic organic draw solutes remains an important barrier for the practical 
implementation of these FO draw solutions. For this reason, a number of recent 
demonstrations of FO integrated anaerobic systems have generally adopted lower cost 
sodium chloride or seawater as the draw solution and relied on non-optimal operating 
conditions, such as excessive sludge wastage or periodic supernatant discharge in order to 
avoid the effects of salinity build-up on the process [54, 56]. Although these studies present 
the feasibility of biogas production (i.e. 0.2–0.3 L CH4/g COD) via the An-OMBR process, 
conditions are unrealistic and are not a practical long-term solution to salinity accumulation. 
A proof of concept which can potentially lead to a full-scale sustainable option for salinity 
mitigation involves the integration of an MF membrane within an Ae-OMBR [151, 157]. The 
MF membrane acts as a bleeding stream since dissolved solutes can easily pass through the 
MF membrane (Figure 2.6B). This integrated system manages to sustain the FO process, 
whilst at the same time produces MF quality effluent for reuse applications requiring lower 
water qualities. Similar benefits may also be realised if MF is integrated with An-OMBR, 
however this approach would result in the partial loss of organic substances. 
Another promising approach involves acclimatising the anaerobic microbial community 
to saline environments. In anaerobic systems, microorganisms are able to tolerate high salt 
conditions if acclimated to the conditions [158, 159]. Indeed, the anaerobic treatment of high 
saline industrial wastewater is feasible with adequate biomass adaption or by using 
halotolerant organisms [160]. Further research on identifying and implementing certain 
halotolerant bacteria in an anaerobic system would be significantly beneficial to developing 
FO-based anaerobic systems. The presence of halotolerant organisms would allow the FO 
system to operate at a higher concentration factor. Furthermore, when draw solutions with a 
low reverse solute flux are applied, the negative impacts associated with salinity 
accumulation on biogas production would be circumvented. Overall, a greater focus is 
required to assess and advance the practicality of FO-based systems that integrate anaerobic 
treatment for biogas production. A combination of the previously mentioned strategies in a 
pilot-scale system would significantly contribute to assessing their long-term effectiveness, 
and is imperative to improving our understanding of FO-based anaerobic systems. 
2.4.1.2. Membrane fouling 
Although FO membrane fouling is readily reversible, fouling remains a pertinent issue for 
FO-based processes applied to complex solutions such as wastewater and mixed liquor [103, 
132, 161]. During filtration, the accumulation of foulants on the membrane surface forms a 
 
40 
cake layer and hinders the efficiency of the process by two predominant mechanisms. The 
cake layer builds hydraulic resistance and also creates the cake-enhanced concentration 
polarisation effect that lowers the osmotic driving force. Both of these mechanisms adversely 
impact membrane performance by decreasing water flux and membrane life-span [63, 103]. 
Various approaches have been demonstrated to manage membrane fouling. These include 
physical and chemical cleaning methods, as well as modification of membranes to be fouling 
resistant. 
A key benefit of the FO process when applied for wastewater pre-concentration is the 
highly reversible nature of membrane fouling compared to other pressure driven membrane 
processes. Therefore, membrane fouling control can often be accomplished by hydraulic 
means, whereby hydrodynamic shear forces are introduced to prevent the accumulation of 
foulants near the membrane surface [80, 92]. This method is not possible when using pressure 
driven membrane processes for direct wastewater treatment since fouling cannot be removed 
without chemical cleaning. Hydrodynamic strategies including periodic rinsing at high cross-
flow velocities, inclusion of spacers, and air sparging via biogas recycling, have proved 
effective in wastewater treatment applications [54, 92, 162]. Despite these results, the 
intensity of the fouling control strategy inevitably leads to heightened energy consumption. 
Therefore, a significant focus should be placed on evaluating and optimising the energy 
consumption of proposed fouling mitigation strategies. It is also necessary to develop a 
membrane cleaning protocol specifically for intense wastewater pre-concentration 
applications by FO membranes. 
2.4.1.3. Issues arising from the anaerobic treatment of FO pre-concentrated wastewater 
In addition to the key challenges of salinity accumulation and membrane fouling, a range 
of other issues may arise as a result of the anaerobic treatment of FO pre-concentrated 
wastewater. Inorganic salt inhibition and ammonia toxicity may plague the efficiency of the 
anaerobic treatment process, regardless of mitigation strategies. In this case, the co-digestion 
of readily available organic substrates (i.e. food waste or industrial by-products) could 
significantly improve the digester efficiency [163, 164]. Furthermore, phosphorus may 
precipitate in the anaerobic reactor due to the enriched content of phosphorus, calcium, and 
magnesium in the pre-concentrated wastewater [54]. This may lead to complications for 
phosphorus recovery, as the availability of phosphorus in the liquid phase would be limited. 
However, this scenario could be easily avoided by acidifying the pre-concentrate. 
Conventional MF An-MBR is an ideal candidate for biogas production from the pre-
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concentrated wastewater. In addition, the ammonia and phosphorus rich supernatant (i.e. 
anaerobic digestion effluent) can be withdrawn via the MF membrane for subsequent 
recovery. 
Studies to date have focused almost exclusively on the integration of FO and anaerobic 
treatment to form An-OMBRs [54, 56, 57] or to filter anaerobic effluent [165-167]. 
Therefore, there is a significant gap in current knowledge regarding the anaerobic treatment 
of FO pre-concentrated wastewater. 
 Nutrient recovery 2.4.2.
The rejection of nutrients by FO membranes results in high quality product water, and can 
also facilitate the removal and recovery of nutrients from wastewater. Phosphorus in 
particular has significant environmental value and is consistently highly rejected by FO 
membranes from a range of different feed solutions and operation conditions (Table 2.1). In 
recent years, there has been a significant growth in nutrient recovery research using FO-based 
processes [39]. Phosphorus recovery from a number of diverse source waters, including waste 
activated sludge [107, 108, 151], secondary treated effluent [114], digested sludge centrate 
[30, 152], and urine [118] has been demonstrated in the literature. Several FO-based 
configurations have been used including Ae-OMBR and direct FO filtration. Overall, FO is 
utilised to firstly concentrate nutrients, and then conventional nutrient recovery techniques 
are applied to chemically precipitate phosphate minerals (Table 2.2). 
FO has several features that are ideal for nutrient recovery from wastewater. Firstly, FO 
membranes can effectively retain phosphorus, thus enriching its concentration and providing 
favourable conditions for phosphorus recovery. As an example, struvite recovery requires the 
addition of magnesium and ammonium ions to exceed the stoichiometric ratio for struvite 
precipitation. Thus, the phosphorus rich solution provided by the FO process improves 
precipitation kinetics and lowers the chemical demand (i.e. magnesium salts and caustic). 
Secondly, the reverse solute flux (which is usually seen as problematic in FO) can be utilised 
for nutrient recovery applications. Xie et al. [152] strategically utilised MgCl2 as a draw 
solution to enrich the magnesium content of the feed solution via the reverse magnesium flux 
mechanism. Lastly, the bidirectional diffusion of solutes in the FO process enables the feed 
solution pH to naturally increase. Several researchers have observed this bidirectional 
transport phenomenon. In particular, Xie et al. [152] has demonstrated the direct benefit of 
the bidirectional transport of Mg2+/Ca2+ and proton (H+) for struvite precipitation. 
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There are a number of configuration options for FO-based systems for nutrient recovery. 
Ae-OMBRs treating dilute wastewater have demonstrated excellent potential for nutrient 
enrichment within the mixed liquor or by supernatant withdrawal [108, 151, 168] (Figure 
2.7A). Also, direct pre-concentration processes applied to anaerobic digestion effluent has 
provided some promising results as this system could be easily integrated with current 
wastewater treatment infrastructure [152]. In terms of nutrient recovery efficiency, the direct 
pre-concentration of anaerobic effluent (i.e. digested sludge centrate) is possibly the most 
viable approach as there is minimal loss of nutrients caused by biomass uptake, as is the case 
in Ae-OMBRs. In aerobic processes, nutrients are consumed or converted by activated sludge, 
therefore, a lower theoretical amount of phosphorus is available for recovery. Conversely, 
anaerobic treatment biologically releases nutrients, transforming them into more chemically 
available forms for precipitation (Figure 2.7B). Investigations into FO performance when 
treating nutrient rich solutions are increasing [165-167], however there are still several key 
aspects to be addressed. These include membrane fouling and scaling, precipitate purification, 
and issues related to the market development for bio-fertilizers produced from wastewater. 
Membrane scaling could be a prominent barrier for FO application to nutrient recovery, 
however, this has not been previously investigated. It is important to consider the possibility 
of membrane scaling during resource recovery as it dramatically affects process performance 
and chemical cleaning is often required, resulting in a decreased membrane life-span. The 
super-saturation of phosphate minerals close to the membrane surface may lead to the 
precipitation of salts onto the membrane surface. Research to date has not identified any 
significant problems associated with membrane scaling during nutrient recovery applications. 
This is likely due to the short term nature of the proof of concept studies in the current 
literature. Pilot-scale evaluation and modelling are required to assess the risk of membrane 
scaling for nutrient recovering FO processes and develop efficient chemical cleaning 
protocols. In addition to membrane scaling, the presence of calcium and phosphate in the FO 
feed solution can lead to cake layer formation [169]. Nevertheless, membrane flushing has 
been reported to be an effective strategy to remove cake formation [152]. 
One key advantage for nutrient recovery is the potential profit obtained from the sale of 
the bio-fertilizers produced. However, a market for fertilisers sourced from wastewater is 
currently not well-defined. The product value largely depends on the purity of the product 
obtained. At this stage, product purity has not been a significant area of research for the 
previously mentioned FO-based nutrient recovery systems. For example, for calcium 
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phosphate recovery, the competition of calcium and magnesium for phosphate and the 
presence of organic matters can drastically degrade product quality [151]. There is significant 
potential for FO-based processes to be further integrated with established resource recovery 
techniques. These may include the introduction of seed crystallisation [170] or by further 




Figure 2.7. Phosphorus recovery using (A) MF withdrawal from Ae-OMBR mixed liquor 
(adapted from Qiu et al. [151]) and (B) FO-MD of anaerobically digested sludge centrate 
(adapted from Xie et al. [152]). 
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 Integrated wastewater treatment and resource recovery process 2.5.
Based on current FO research and development, an integrated FO-based wastewater 
treatment and resource recovery process is proposed and compared with current wastewater 
treatment practices (Figure 2.8). Current wastewater treatment (Figure 2.8A) is highly energy 
intensive, with aeration and pressurised membrane systems being significant energy 
consumers. The process also focuses strictly on water reclamation and does not effectively 
integrate energy and nutrient recovery practices. Although sludge is often anaerobically 
treated, a large portion of the chemical energy in wastewater is dissipated by the initial 
aerobic biological process [46]. 
Unlike current wastewater treatment practices, the proposed FO-based process (Figure 
2.8B) focuses on the separation of water and non-water components to enable more efficient 
resource recovery. In this process, primarily treated effluent is firstly filtered by the FO 
process coupled with MD to produce high quality effluent for reuse. Ionic organic draw 
solutes are employed to minimise reverse draw solute flux, and to lower the risk of methane 
inhibition during anaerobic digestion. The FO pre-concentrate is fed to an anaerobic digester 
to produce biogas. A combined heat and power system converts biogas to useful heat for 
operating MD, and electricity for treatment operations. Furthermore, nutrient rich anaerobic 
effluent is processed by an FO-MD system to further harvest valuable nutrients for 
subsequent recovery. Struvite recovery can be achieved using MgCl as the draw solution 
[152], whilst calcium phosphate can be recovered using seawater [152]. This MD system 
would also produce high quality effluent for reuse, which is a significant benefit, as anaerobic 
effluent is commonly returned to the headworks in conventional treatment plants. For these 





Figure 2.8. Comparison of current and FO-based wastewater treatment technologies. (A) Current processes consume significant energy, 
dissipate wastewater organic matter, and do not effectively manage nutrients (adapted from Verstraete et al. [45]). (B) The proposed FO-based 





FO-based processes have a proven capability and offer a unique opportunity to achieve 
simultaneous wastewater treatment and resource recovery. Yet, FO technology is still in the 
early stage of development and therefore the realisation of full-scale implementation will 
continue to evolve as the field becomes more mature. Two important considerations for this 
concept include the applicability of FO-based systems to a decentralised or centralised level 
and economic barriers that strongly affect the acceptance of the technology. 
Issues regarding the scale-up of FO based processes involve the inherently low water flux 
of the FO process. Low water flux corresponds to a large footprint which substantially 
increases capital and operational costs. Considering the direct filtration of raw wastewater by 
FO, with the current state of FO membranes, environmental and economic benefits may only 
be realised for decentralised applications. This is due to the significantly large volumetric 
loading of centralised wastewater treatment systems in urban areas. Furthermore, there is an 
increasing drive to house treatment facilities onsite or nearby to the water reuse locations (i.e. 
farming areas or industrial areas) [171]. This concept of sewer mining strategically avoids the 
energy needed to convey reuse water from a centralised WWTP, however quality control 
would be an added issue to be addressed. Further investigations to assess the feasibility of FO 
scale-up must be conducted in terms of both technical and economic viability. In the future, 
improvements of FO membrane materials, module design, draw solutions, and draw solute 
recovery processes may provide practical opportunities for the scale-up of FO systems at a 
centralised level. 
Regarding nutrient recovery using FO-based technology, important advantages are likely 
to be realised sooner as the process can be integrated with current wastewater treatment 
infrastructure (i.e. treating anaerobically digested sludge centrate). Furthermore, nutrient 
recovery presents a practical business case for struvite blockage prevention, phosphorus 
effluent discharge compliance, and fertilizer production potential [3]. In fact, struvite 
recovery has been demonstrated at several full-scale WWTP in North America [172]. We 
envisage that FO can greatly improve the process efficiency and therefore break-down some 
of the economic barriers that prevent nutrient recovery being an established practice [173]. 
Resource recovery from municipal wastewater presents a promising opportunity for a 
number of contemporary environmental challenges. However, several economic barriers exist 
and restrict the acceptance and implementation of such practices. The environmental value of 
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water, energy, and nutrient resources cannot be readily captured by current economic 
analysis. This is illustrated by the availability of low cost electricity, natural gas, and 
mineable phosphorus that strongly resist investment appeal. Furthermore, the lack of a well-
defined market for saleable bio-fertilizers may influence the acceptance of nutrient recovery 
technologies. Nonetheless, resource recovery from wastewater represents a renewable source 
of water, energy, and nutrients. Particularly when considering how population growth and 
urbanisation will continue to stress non-renewable resource reserves in the future. The 
introduction of government incentives may provide a profound milestone in implementing 
resource recovery practices. Further investigations into the economic feasibility of 
technologies that enable resource recovery from wastewater should be a high priority. 
 Conclusion 2.7.
The FO process is a favourable avenue to advance a membrane-based platform to achieve 
simultaneous wastewater treatment and resource recovery. FO membranes can be applied to a 
complex and high fouling solution and retain a wide range of contaminants. FO membrane-
based hybrid systems that combine FO with a draw solute recovery process (i.e. MD) 
effectively enable fresh water recovery from wastewater. Extending this effort, energy and 
nutrient recovery from wastewater can be initiated through the strategic integration of FO 
with anaerobic biological treatment. FO membranes can successfully pre-concentrate 
wastewater and improve the organic loading rate of anaerobic treatment systems for biogas 
production. Similarly, the FO process can harvest valuable nutrients within anaerobic 
effluent, and significantly benefit the efficiency of established phosphorus recovery 
techniques. 
Despite the potential of FO to emerge as an important membrane technology in the future, 
several major technical challenges still remain. These include contaminant accumulation in 
the draw solution, salinity accumulation, membrane fouling, and anaerobic system 
integration. A number of innovative approaches can be utilised to resolve these challenges as 
highlighted in this review. Further development of the practical aspects of this concept via 
pilot-scale demonstrations is recommended. One major milestone in the development of FO 
technology for this application involves the successful demonstration of integrated FO and 
anaerobic treatment systems. Furthermore, energy considerations for the proposed process 
must also be clearly dictated through techno-economic assessments that address the likely 
advantages of the process compared with current technologies. Issues associated with the 
scale-up of FO-based processes at a decentralised or centralised level must also be addressed. 
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Development of FO membrane materials and anaerobic microbial selection techniques are 
expected to strongly benefit research progress towards FO-based technology for simultaneous 
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 Introduction 3.1.
The recently recognised value of clean water, energy, and nutrients in municipal 
wastewater has led to a paradigm shift in urban water management, toward a modern 
framework that incorporates resource recovery with the traditional sanitation mandate. The 
value of these resources goes beyond short-term economic outcomes, because long-term 
human health and environmental benefits can play an even greater role in wastewater 
management decisions. Water scarcity and environmental pollution have driven water reuse 
to become an integral function of modern wastewater treatment plants [6]. Further efforts to 
include energy and nutrient recovery are justified by the relationship between the stringency 
of effluent regulations and energy consumption [174], as well as concerns for worldwide 
phosphorus security [36]. 
Clean water reclamation from municipal wastewater is well established. However, a 
greater focus is required to further develop energy and nutrient recovery practices. The dilute 
nature of municipal wastewater is a major obstacle hindering energy and nutrient recovery. 
Thus, it is necessary to pre-concentrate municipal wastewater by five- to ten-fold to achieve 
the required strength in terms of chemical oxygen demand (COD) for subsequent anaerobic 
treatment [45], through which energy and nutrients can be recovered in the form of biogas 
[175, 176] and struvite (MgNH4PO4⋅6H2O) [152, 177], respectively. The most common 
technique to recover nutrients after anaerobic treatment is via struvite precipitation. In this 
process, magnesium salt addition is required for struvite formation. However, because of the 
low ammonium and phosphate concentrations in municipal wastewater, magnesium salt must 
be added to obtain a concentration well above the stoichiometric ratio to facilitate struvite 
precipitation. In this instance, the pre-concentration of wastewater will lower the magnesium 
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requirement for struvite formation [22, 152], thus significantly improving the economics of 
nutrient recovery [177]. The deployment of innovative technologies such as forward osmosis 
(FO) to pre-concentrate organic matter and nutrients can facilitate anaerobic treatment, thus 
allowing resource recovery to become economically viable. 
FO is a promising technology for the pre-concentration of wastewater and has recently 
demonstrated potential for direct sewer mining [97, 112]. When applied directly for 
wastewater treatment, this concentration driven process has several significant advantages, 
including a high rejection of contaminants and low fouling propensity compared to pressure 
driven microfiltration. Therefore, FO can concentrate the organic matter and nutrients in 
wastewater to a small volume for potential integration with anaerobic treatment to facilitate 
resource recovery. Furthermore, FO provides robust pre-treatment for reverse osmosis [178] 
or membrane distillation [97] for clean water production. 
Reverse solute flux is an inherent phenomenon in FO. When integrating FO with a 
bioreactor, a major technical challenge is the migration of draw solute into the mixed liquor. 
This can severely affect the biological performance, particularly of the anaerobic treatment 
process as inhibitory substances are often the major cause of instability and failure of 
anaerobic treatment systems [179]. Inorganic salts are widely used as draw solutes for FO, 
since they are usually inexpensive, capable of generating high osmotic pressures, and are less 
likely to induce significant internal concentration polarization (ICP). ICP associated with 
inorganic salts is low because of their small solute size and rapid diffusion; however, these 
properties often promote a high reverse solute flux [63]. For example, sodium chloride has a 
high reverse solute flux, and therefore sodium concentrations are likely to exceed the value 
known to inhibit anaerobic treatment (3 g Na/L) [159] during wastewater pre-concentration. 
Several draw solutes have been investigated with the intention of avoiding or reducing the 
effects of reverse solute flux on subsequent biological treatment. Lutchmiah, et al. [180] 
demonstrated that zwitterionic compounds, such as glycine, have a lower reverse solute flux 
compared to sodium chloride and the potential to increase the methane yield of concentrated 
wastewater due to their osmoprotectant properties. Bowden, et al. [156] proposed ionic 
organic salts as substitute draw solutes in osmotic membrane bioreactors (OMBRs), whereby 
salt accumulation has detrimental effects on biological performance. Other approaches 
involve comparing the microbial toxicity of draw solutions [181] or the long-term operation 
of alternative draw solutions in OMBRs to evaluate effects [182]. Nonetheless, no studies 
have evaluated the potential impact of reverse solute flux on subsequent anaerobic treatment. 
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This is despite the availability of the well-established biomethane potential (BMP) test, which 
can be used to simulate the anaerobic treatment process in batch mode to assess the methane 
production from different substrates [183-185]. 
In this chapter, a draw solute selection protocol was developed for FO systems which are 
integrated with anaerobic treatment. FO flux performance was assessed based on water flux 
and reverse solute flux. The effect of reverse solute flux on anaerobic treatment was 
evaluated by BMP analysis of draw solute-impacted substrate. 
 Materials and methods 3.2.
 Preliminary draw solution selection protocol 3.2.1.
A literature review of previous FO studies to pre-concentrate wastewater was conducted 
to select ten draw solutions to undergo experimental assessment. Firstly, organic draw 
solutions that have demonstrated a suitably high water flux and the expectation to have 
negligible impact on anaerobic treatment were considered. Secondly, inorganic draw 
solutions with low reverse solute flux were considered and sodium chloride was selected as a 
reference. OLI Stream Analyzer (OLI Systems, Inc., Morris Plains, New Jersey, USA) was 
then used to simulate osmotic pressure as a function of draw solution concentration, to verify 
the suitability for further FO experimental assessment and biological screening.  
 Materials and chemicals 3.2.2.
Cellulose triacetate (CTA) membrane with embedded polyester screen support was 
acquired from Hydration Technologies Innovation (HTI) (Albany, Oregon, USA). Digested 
sludge was obtained from a full-scale wastewater treatment plant (Wollongong, Australia) 
and was used as inoculum for the BMP measurements. All draw solutes used in this study 
were of analytical grade. 
 Forward osmosis system 3.2.3.
FO experiments were conducted using a lab-scale, cross-flow FO membrane system 
(Figure 3.1). The FO membrane cell consisted of two symmetric flow channels each with 
length, width, and height of 130, 95, and 2 mm, respectively, and an effective membrane area 




Figure 3.1. Schematic diagram of the laboratory-scale FO system. 
The feed and draw solutions were circulated by two variable speed gear pumps 
(Micropump, Vancouver, Washington, USA) at 1 L/min (corresponding to a cross-flow 
velocity of 9 cm/s) and was regulated by two rotameters. The working volumes of the feed 
and draw solution reservoirs were 3 and 2 L, respectively. The draw solution reservoir was 
positioned on a digital balance (Mettler-Toledo Inc., Hightstown, New Jersey, USA) and 
weight changes were recorded to determine permeate water flux. For ionic draw solutions, a 
reservoir containing a highly concentrated solution was also placed on the digital balance and 
was intermittently dosed into the draw solution to maintain constant osmotic pressure. The 
conductivity of the draw solution was continuously measured by a conductivity probe (Cole-
Parmer, Vernon Hills, Illinois, USA), which was connected to a controller (control accuracy 
of ±0.1 mS/cm) and a peristaltic pump to automatically regulate the draw solution 
concentration. For the neutral (covalent) organic draw solutions, concentration was manually 
controlled by adding the correct volume of highly concentrated solution every 2 h. 
 Forward osmosis assessment 3.2.4.
The flux performance of each draw solution was evaluated by using the lab-scale, cross-
flow FO system to determine water flux ( 𝐽𝑤) and reverse solute flux ( 𝐽𝑠). FO experiments 
were conducted according to the standard procedure previously described by Cath, et al. 
[186]. Analytical grade solutes were dissolved in DI water at concentrations corresponding to 
an osmotic pressure of 30 bar. This osmotic pressure was selected for two reasons. Firstly, 
seawater has an approximate osmotic pressure of 30 bar and could be used as a readily 
available and inexpensive NaCl solution. Secondly, higher osmotic pressures were not 
investigated due to the corresponding increase in draw solute viscosity (particularly for 
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organic and/or high molecular weight solutes) and the expected exacerbation of ICP. Each 
draw solution was tested in FO mode (active layer facing the feed solution) with DI water as 
the feed solution. Conductivity, pH, and temperature of the feed solution were monitored 
hourly. For the covalent organic draw solutions, a 20 mL sample was withdrawn from the 
feed solution every 2 h for subsequent total organic carbon (TOC) analysis. All FO 
experiments were conducted in duplicate and lasted for at least 6 h. 
Reverse solute flux selectivity (RSFS) describes the volume of permeate water per gram 
of solute that has diffused from the draw solution to the feed solution and can be expressed as 
( 𝐽𝑤/𝐽𝑠). RSFS is important for draw solution selection in terms of replenishment costs, yet 
this parameter can more importantly give an indication of the expected solute concentration 
in FO concentrate. The draw solute concentration in the pre-concentrated wastewater (𝐶𝑒) 












Where 𝐽𝑤/𝐽𝑠 is the RSFS observed during the FO performance experiments, and 𝑅 is the 
assumed FO system water recovery. Equation 3.1 is based on the premise that flux decline 
(due to membrane fouling or an increase in feed solution osmotic pressure) is negligible and 
that RSFS is constant. A system water recovery of 90% was used to represent a ten-fold 
increase in the strength of municipal wastewater by FO pre-concentration. This condition can 
also be used to represent the worst-case scenario with respect to the impact of draw solutes on 
potential anaerobic treatment of the pre-concentrated wastewater. 
 Biomethane potential apparatus and protocol 3.2.5.
BMP measurements were conducted to indicate the effect of each draw solute on methane 
production during anaerobic digestion. The BMP apparatus could simultaneously deploy up 
to 16 fermentation bottles, which were submerged in a water bath (Ratek Instruments, 
Boronia, Victoria, Australia) and connected to a biogas collection gallery (Figure 3.2). The 
fermentation bottles (Wiltronics Research, Ballarat, Victoria, Australia) were sealed with a 
rubber bung and submerged in the water bath to maintain a temperature of 35.0 ± 0.1 °C. An 
S-shaped air lock and flexible plastic tubing were used to collect the biogas. The biogas 
collection gallery consisted of an array of inverted 1000 mL plastic measuring cylinders, 
which were initially filled with a NaOH solution (1 M). As biogas was introduced to the 
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cylinder, CO2 and H2S were sequestered by the NaOH solution, and the remaining CH4 gas 
displaced the solution inside the cylinder. The volume of NaOH displaced by CH4 gas was 












Equation 3.1 was used to calculate the amount of each draw solute to be added to the 
digested sludge, to simulate the reverse solute flux accumulation at 90% water recovery from 
pre-concentrated wastewater. The calculated amount of draw solute was firstly dissolved in 
50 mL of DI water and then mixed with 700 mL of digested sludge. In the control BMP 
bottles, 50 mL of DI water was added to the same amount of digested sludge. The BMP 
bottle was purged with nitrogen gas, sealed, and connected to the gas collection gallery. All 
BMP experiments including the control were conducted in duplicate. The substrate in each 
bottle was characterised before and after the BMP experiment in terms of total solids (TS), 
volatile solids (VS), pH, alkalinity, total chemical oxygen demand (CODT), and soluble 
chemical oxygen demand (CODS). 
 Analytical methods 3.2.6.
Temperature, pH, and electrical conductivity were measured using an Orion 4-Star Plus 
pH/conductivity meter (Thermo Scientific, Waltham, Massachusetts, USA). Conductivity 
measurements were used to determine the reverse draw solute flux of inorganic draw solutes. 
For neutral organic draw solutes, a Shimadzu TOC analyser (TOC-VCSH) was used to 
determine the reverse solute flux. 
For digested sludge characterisation, TS, VS, and alkalinity were measured using standard 
methods [187]. COD was determined using a Hach DBR200 COD Reactor and Hatch 
DR/2000 spectrophotometer (program number 435 COD HR) following the US-EPA 
Standard Method 5220 D. For CODS, the sludge supernatant was filtered through a 1 μm 
filter paper and the filtrate was then analysed, whilst CODT was measured by direct dilution 
of the homogenised sludge. 
 Results and discussion 3.3.
 Preliminary draw solution selection 3.3.1.
Ten draw solutes were selected for experimental assessment to represent a range of 
inorganic and organic compounds. Sodium chloride was selected as a reference and 
magnesium sulphate was selected due to its reported low reverse solute flux through FO 
membrane (towards the bioreactor side), causing potentially minimal impact on anaerobic 
treatment [188]. Ionic organic draw solutions, namely sodium acetate, magnesium acetate, 
and sodium formate, were also selected due to their exhibition of a competitive water flux 
and potential benefits when combined with biological systems [156]. 
Ethylenediaminetetraacetic acid (EDTA) disodium salt has been previously studied by Hau, 
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et al. [189] for the concentration of wastewater sludge. Neutral organic draw solutes, 
including glucose, glycine, glycerol, and urea, were selected based on their moderate water 
flux and the anticipation for negligible effects on anaerobic treatment, independent of the 
magnitude of reverse solute flux [190]. Glycine has recently been investigated and found to 
be highly compatible with anaerobic digestion [180]. Each draw solute had previously shown 
potential for use as a FO draw solute for wastewater applications. 
The molar concentration required to generate 30 bar of osmotic pressure varies 
significantly between the ten selected draw solutes. Overall, the required molar concentration 
varies from 0.3 M (EDTA disodium salt) to as high as 1.3 M (glycine). 
Table 3.1. Molar concentration required to generate 30 bar of osmotic pressure and solute 
diffusion coefficients. Concentrations were calculated using OLI Stream Analyzer. 
Draw solutes Concentration (M) Diffusion coefficient (m2/s) Reference 
Inorganic Sodium chloride 0.65 
91047.1 −×  [72] 
Magnesium sulfate 1.24 10107.3 −×  [72] 
Organic 
(ionic) 
Sodium acetate 0.72 91044.1 −×  [156] 
Magnesium acetate 0.84 91014.1 −×  [156] 
Sodium formate 0.72 91059.1 −×  [156] 
EDTA disodium salt 0.30 101083.5 −×  [191] 
Organic 
(covalent) 
Glucose 1.13 10107.6 −×  [192] 
Glycine 1.31 91006.1 −×  [180] 
Glycerol 1.27 10103.9 −×  [193] 
Urea 1.26 91038.1 −×  [193] 
 
 Forward osmosis flux performance 3.3.2.
3.3.2.1. Water and reverse solute flux 
The draw solutions exhibited quite diverse flux performance despite being evaluated at 
the same osmotic pressure of 30 bar (Figure 3.3). Glycerol and urea could produce a 
moderate water flux (3.09 and 1.37 L/m2h, respectively) but the reverse solute fluxes were 
extremely high (15.2 and 106.3 g/m2h, respectively). These two draw solutions were 
eliminated from further analysis because the high reverse solute flux would result in 
excessive accumulation in pre-concentrated wastewater, as well as unsustainable FO 
operation. The remaining draw solutions exhibited a water flux in the range of 2.18–4.11 
L/m2h. The observed variation in water flux at the same draw solution osmotic pressure could 
be attributed to the extent of ICP experienced by each solute [156, 188, 194]. ICP describes 
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the dilution of the draw solution in the membrane support layer which reduces the effective 
osmotic driving force and is affected by the draw solute kinetic characteristics including 
diffusivity, viscosity, and ion or molecule size [195]. 
 
 
Figure 3.3. Average water flux, reverse solute flux and reverse solute flux selectivity 
(RSFS) at an osmotic pressure of 30 bar. Error bars represent the standard deviation of 
duplicate experiments. 
 
Draw solute diffusivity strongly affected water flux and reverse solute flux (Figure 3.4). 
Water flux was linearly correlated to diffusion coefficient and clearly represented the extent 
of dilutive ICP for each solute. Solutes with low diffusivity experienced severe ICP and were 
more likely to display a low water flux. On the other hand, highly-mobile solutes could 
reduce the effects of ICP, and thus had a high water flux. This result is in good agreement 
with ICP theory, as within the relevant range, solutes with higher diffusion coefficients can 
produce a larger water flux at a constant bulk draw solution osmotic pressure [63, 195]. The 
results also show that reverse solute flux tended to increase exponentially for solutes with 
higher diffusion coefficients (Figure 3.4B). Thus, a trade-off exists between selecting highly 





Figure 3.4: Relationship between diffusion coefficient and (A) water flux (linear 
regression R2 = 0.90); (B) reverse solute flux (exponential regression R2 = 0.81). Experiments 
were conducted at constant osmotic pressure (30 bar); error bars represent the standard 
deviation of duplicate experiments. 
3.3.2.2. Reverse solute flux selectivity 
In terms of draw solution replenishment cost and sustainable FO operation, a high RSFS 
is desirable. However, draw solutions that exhibited high RSFS generally had a 
correspondingly low water flux due to the effects of ICP (Figure 3.5). For example, 
magnesium sulphate had the highest RSFS of 9.01, but water flux was low (2.18 L/m2h). 
Interestingly, for most draw solutes investigated here, similar to the correlation between 
reverse solute flux and diffusion coefficient shown in Figure 3.4B, the water flux also 
decreased exponentially as the RSFS increased (Figure 3.5). Sodium acetate and magnesium 
acetate are the only two exceptions and their flux behaviour appeared to diverge from the 
trend of the other six draw solutes. Both solutes displayed a sufficiently high water flux (>3 
L/m2h) but could also demonstrate suitably high RSFS values. One noticeable difference in 
behaviour between these two solutes was that magnesium acetate had a larger RSFS than that 
of sodium acetate due to a lower reverse solute flux. This could be attributed to the larger size 
of the magnesium cation, since both solutes share the same anion [188]. Furthermore, the use 
of ionic organic draw solutes appeared to benefit FO flux performance, particularly in the 




The expected concentration of draw solute within the pre-concentrated wastewater was 
estimated using Equation 3.1 (Table 3.2). Since the simulated concentration only depends on 
RSFS, solutes with a low RSFS result in larger concentrations, and alternatively, high RSFS 
ideally lowers the expected concentration. Nonetheless, inorganic salts are known to inhibit 
anaerobic treatment even at low concentrations [179]. 
 
 
Figure 3.5. Variation of water flux with reverse solute flux selectivity (RSFS) to compare 
sodium acetate and magnesium acetate with other draw solutions (DS). Experiments were 
conducted at constant osmotic pressure (30 bar); error bars represent the standard deviation of 
duplicate experiments. 
 
Table 3.2. Expected draw solute concentration (by reverse solute flux) in pre-concentrated 
wastewater assuming 90% FO system water recovery. 
Draw solute Concentration 
(g/L) 
Sodium chloride 5.78 
Sodium formate 5.45 
Glycine 3.46 
Sodium acetate 2.41 
Magnesium acetate 1.65 
EDTA disodium salt 1.52 
Glucose 1.48 




 Effect of reverse draw solute flux on anaerobic treatment 3.3.3.
Each draw solute had a noticeable impact on methane production over the 25 day 
observation period (Figure 3.6). The substrate characteristics before and after the BMP 
experiment are shown in Table 3.3. The organic draw solutes, namely, glycine, glucose, and 
the acetates displayed higher cumulative methane production compared to the control (no 
added draw solute), possibly because they are readily biodegradable. Glycine outperformed 
all other draw solutes. This might be attributed to its osmoprotectant properties, which can 
reduce osmotic stress caused by inhibitory constituents present in the digested sludge [196]. 
However, due to the low saline environment, enhanced methane production was most likely a 
result of the relatively high concentration of glycine dosed (3.46 g/L). Similarly, even at a 
lower concentration (1.48 g/L), glucose promoted methane production by providing 
additional organic substrate. Sodium acetate presented a similar methane production to 
glucose, and only slightly higher than magnesium acetate. The presence of the sodium or 
magnesium cation appeared not to affect acetate conversion; however sodium acetate (2.41 
g/L) was dosed at a higher concentration than magnesium acetate (1.65 g/L). The results 
suggest that these draw solutes have a positive effect on methane production and would be 
suitable when integrating FO with anaerobic treatment. 
EDTA disodium salt and sodium formate exhibited a similar cumulative methane 
production to the control. EDTA disodium salt was expected to enhance methane production 
by increasing the bioavailability of essential elements [197]; however, no additional methane 
production was observed, possibly because the concentration used in this study was 
significantly higher than that found to be beneficial by Vintiloiu, et al. [197]. The methane 
production of sodium formate was stable, but occurred at a slower rate compared to that of 
the control. This could be attributed to the high sodium concentration of 1.8 g Na/L, 
particularly when compared with sodium acetate which contained only 0.7 g Na/L. 
Additionally, the COD contribution of acetate (1.07 g COD/g) is much larger than formate 































 Control                             
 Glycine (3.46 g/L)                          
 Glucose (1.48 g/L)                          
 Sodium acetate (2.41 g/L)             
 Magnesium acetate (1.65 g/L)       
 EDTA disodium salt (1.52 g/L)
 Sodium formate (5.45 g/L)
 Sodium chloride (5.78 g/L)
 Magnesium sulfate (1.06 g/L)
 
Figure 3.6. Cumulative methane production of digested sludge with dosed draw solute at 
concentrations corresponding to FO RSFS and 90% system recovery; error bars represent the 
standard deviation of duplicate experiments. 
Table 3.3. Substrate characterisation for BMP experiments (average concentration ± 









CODT (g/L) CODS (g/L) 
T0 TF T0 TF T0 TF T0 TF T0 TF T0 TF 
Reference 2.5 1.4 1.7 0.9 7.20 7.13 2298 3120 22.9 9.4 1.38 0.82 
Magnesium 
sulfate 2.6 1.7 1.4 1.1 7.17 7.10 2346 3120 26.0 15.3 1.26 0.50 
Glucose 2.7 1.8 1.8 1.2 7.18 7.08 2032 3096 23.3 16.7 2.72 0.39 
EDTA 
disodium salt 2.6 1.8 1.0 1.2 7.08 7.13 2564 3411 25.2 13.9 2.34 1.05 
Magnesium 
acetate 2.5 1.4 1.6 0.9 7.12 7.07 2588 3604 24.0 9.2 1.85 0.46 
Sodium 
acetate 2.8 1.7 1.9 1.1 7.17 7.09 2879 3943 23.0 11.1 2.30 0.52 
Glycine 2.8 1.4 1.0 0.9 7.13 7.32 2322 5273 27.4 12.5 3.24 1.46 
Sodium 
formate 3.0 2.1 1.8 1.1 7.12 7.66 3628 6918 24.8 9.3 2.24 2.27 
Sodium 
chloride 3.1 2.4 1.0 1.2 7.07 7.08 2250 3000 28.2 12.8 1.41 1.16 
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Inorganic draw solutes had a negative effect on methane production over the observation 
period. Sodium chloride had only slight negative effects on methane production, most likely 
caused by the dehydration of bacterial cells due to osmotic pressure [179]. This inhibition 
observed at 2.3 g Na/L is slightly lower than the 3 g Na/L reported to be toxic to 
methanogenic bacteria [159]. Therefore, the presence of sodium chloride in pre-concentrated 
wastewater by reverse draw solute flux is expected to have a small but discernible effect on 
anaerobic treatment. Inhibition caused by magnesium sulphate at 1.06 g/L was found to be 
more prominent than sodium chloride. The low methane yield observed for magnesium 
sulphate was likely due to the competition for substrate between sulphate reducing and 
methane producing bacteria. Inhibitory concentrations for methanogens have been reported to 
be as low as 1.4 g SO42−/L [199] which is in good agreement with the results of this study. 
Despite other advantages associated with the use of inorganic salts, the use of these draw 
solutes is not recommended when integrating FO with anaerobic treatment, with current FO 
membranes. 
Independent of the draw solution and reverse solute flux, elevated salt concentrations 
would be expected due to the concentration of the natural salinity of wastewater during the 
FO process. In the case of inorganic draw solutions, further inhibition of methane production 
and inefficiencies in the anaerobic digestion process could be expected. For the organic draw 
solutions demonstrated to be beneficial for anaerobic treatment, the salinity of the pre-
concentrated wastewater would not be significantly exacerbated by reverse solute flux. 
Furthermore, significantly higher COD concentrations would be achieved during wastewater 
pre-concentration as a result of the contribution of reverse solute flux, allowing the 
opportunity to operate at a lower concentration factor. 
 Draw solute suitability for anaerobic treatment 3.3.4.
Sodium acetate and magnesium acetate were two draw solutions that ranked high in terms 
of FO flux performance. Both exhibited a slightly lower water flux when compared with 
sodium chloride; however, their reverse solute flux was significantly lower. In FO wastewater 
applications, a low reverse solute flux is crucial for maintaining flux sustainability, lowering 
replenishment costs, and reducing salinity build-up. In terms of BMP, glycine demonstrated 
significant potential for anaerobic treatment. Glucose, sodium acetate, and magnesium 
acetate were also suitable, as their presence in pre-concentrated wastewater could enhance 
methane production. Overall, sodium acetate ranked highly in terms of FO flux performance 
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and suitability for anaerobic treatment, as well as providing cost advantages over magnesium 
acetate in terms of specific cost [156]. 
Ionic organic draw solutes were found to be the most suitable and therefore further 
implications exist. Detailed investigations into flux sustainability, the potential aggravation of 
organic fouling and compatibility with reconcentration processes are required. As previously 
mentioned, the retention and accumulation of feed salinity also require further examination, 
in terms of reducing the osmotic driving force and also the compatibility with anaerobic 
treatment. 
 Conclusions 3.4.
This study assessed draw solution flux performance and the impact of reverse solute flux 
on the anaerobic treatment of FO pre-concentrated wastewater. The results show that ionic 
organic draw solutes such as sodium acetate are most suitable for this application, due to the 
acceptable flux performance and benefits towards methane production. The effects of 
inorganic salts on anaerobic treatment were also demonstrated. The reverse solute flux of 
sodium chloride only exerted a small but discernible inhibitory effect on methane production. 
The BMP test could be a reliable screening tool for assessing draw solution compatibility 
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 Introduction 4.1.
The shift from aerobic to anaerobic biological treatment processes is a necessary step to 
achieve energy efficient wastewater treatment and to facilitate resource recovery practices 
[14, 32, 111]. Anaerobic treatment has two major advantages over aerobic treatment, namely 
energy recovery via methane production and reduced energy input, since aeration is not 
required [24]. Furthermore, anaerobic effluent represents a practical platform for nutrient 
recovery [152, 200].  
In general, municipal wastewater is not suitable for direct anaerobic treatment. Indeed, 
given the low organic matter content of municipal wastewater (indicated by a chemical 
oxygen demand (COD) of usually < 500 mg/L), the thermal energy and physical footprint 
required for anaerobic treatment can be excessive. Importantly, anaerobic treatment requires 
a feed solution in excess of 1000 mg COD/L to ensure system stability and process efficiency 
[201]. An innovative approach to overcome the challenges associated with the anaerobic 
treatment of municipal wastewater involves the initial pre-concentration of organic matter 
prior to feeding the digester. 
The net energy recovery of anaerobic systems is theoretically proportional to the COD of 
the feed solution. Thus, pre-concentrating the organic matter in wastewater can significantly 
benefit the economics of anaerobic treatment processes. An ideal pre-concentration process 
would essentially separate water and non-aqueous components, to produce high quality water 
for reuse and a concentrate stream suitable for anaerobic treatment. Previously suggested 
methods include dynamic sand filtration, dissolved air flotation, and bio-flocculation [14, 32]. 
However, these systems have limited organics retention capability and effluent from these 
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processes still requires membrane filtration to produce water suitable for reuse. High 
rejection membrane processes such as nanofiltration (NF) and reverse osmosis (RO) can pre-
concentrate the organic content of wastewater. Yet, they are not suitable for direct wastewater 
treatment and require extensive pre-treatment to control membrane fouling. Thus, the 
application of advanced separation technologies which can handle complex wastewater and 
achieve low energy treatment will be pivotal to developing sustainable wastewater treatment 
practices.  
Forward osmosis (FO) is a membrane process with significant advantages when applied 
to wastewater treatment for fresh water production and resource recovery [39, 61]. Unlike 
pressure driven membrane processes, the driving force of water permeation for FO is the 
osmotic pressure gradient between the feed solution (wastewater) and the draw solution (e.g. 
NaCl) [59]. FO can directly pre-concentrate wastewater without significant external energy 
input [59, 61, 121]. Furthermore, the nature of the driving force means that the process has a 
low fouling propensity and fouling can be highly reversible [80, 103, 202]. Therefore, 
treatment of complex matrices such as wastewater by FO is feasible and key constituents 
including organic matter and nutrients can be retained in the concentrate. Fresh water can 
also be recovered from the draw solution by applying an additional desalination process such 
as NF [126], RO [106, 107], or membrane distillation (MD) [97, 129]. In particular, as a 
thermally driven desalination processes, MD presents a unique opportunity, as the required 
thermal energy could be supplied by solar thermal energy or from biogas co-generation 
produced from the subsequent anaerobic digestion of pre-concentrated wastewater [203]. 
FO is recognised as a promising approach to pre-concentrate wastewater prior to 
anaerobic treatment [65, 111, 180], however this approach is yet to be fully explored. Recent 
studies have focused almost exclusively on the integration of FO and anaerobic treatment to 
form an anaerobic osmotic membrane bioreactor (An-OMBRs) [54, 56, 57] or to filter 
anaerobic effluent [165, 166, 204]. To date, very few studies have investigated the use of FO 
for direct treatment of municipal wastewater [65, 66, 97]. The FO wastewater pre-
concentration concept allows for the simultaneous extraction of clean water for beneficial 
reuse whilst pre-concentrating wastewater to a higher strength suitable for anaerobic 
treatment. In this approach, a higher degree of control and accessibility exists for the FO 
component as it is not confined within a bioreactor, as is the case for An-OMBRs. In their 
recent work, Zhang, et al. [65] demonstrated the FO wastewater pre-concentration process, 
however due to the limitations of their experimental set-up, could only demonstrate a COD 
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concentration factor of approximately three. Wang, et al. [66] presented the treatment 
performance of a spiral wound FO module to concentrate wastewater. Nevertheless, issues of 
salinity accumulation and anaerobic treatment integration were not addressed by Wang, et al. 
[66]. 
Although there is growing interest in the application of FO for wastewater pre-
concentration and subsequent energy/resource recovery, the assessment of key performance 
factors has not been systematically investigated to date. Several challenges must be addressed 
for the implementation of the proposed FO wastewater pre-concentration process. Firstly, 
salinity accumulation is a major problem for high retention membrane systems such as FO, 
and particularly when combined with a sensitive biological process [49, 109, 205]. Secondly, 
membrane fouling remains a prominent challenge for the sustained wastewater filtration of 
such complex wastewater solutions [65, 97, 112, 117]. These challenges and the potential 
solutions explored in this chapter are graphically displayed in Figure 4.1. 
 
Figure 4.1. Graphical representation of the challenges and potential solutions relating to 
wastewater pre-concentration using the FO process. 
This chapter aims to elucidate the key factors governing FO membrane performance 
during wastewater pre-concentration. The effectiveness of FO at pre-concentrating 
wastewater was examined by evaluating the ability of the FO membrane to retain COD at 
different water recoveries. Next, we evaluated the use of ionic organic draw solutes to 
mitigate salinity build-up. The effect of the selected draw solution on the produced clean 
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water flux, COD, and pH of the concentrated wastewater was also investigated. Lastly, the 
extent of membrane fouling was assessed and hydrodynamic conditions were optimised. Both 
batch and continuous flow experiments were conducted to observe FO membrane fouling 
behaviour with real wastewater under intense pre-concentration conditions. Overall, this 
study proposes the importance of draw solution selection and optimised hydrodynamic 
conditions for the application of FO for wastewater pre-concentration. 
 Materials and methods  4.2.
 Materials and chemicals 4.2.1.
Cellulose triacetate (CTA) membrane with a non-woven support was used in this study 
and was acquired from Hydration Technologies Innovation (Albany, Oregon, USA). The 
overall thickness of this non-woven CTA membrane is 144 μm. The average pore size is 
expected to be similar to that of a CTA membrane with embedded support which has been 
reported to be 0.37 nm by Xie, et al. [206]. Experiments were conducted with analytical 
grade draw solutes, at a constant osmotic pressure of 60 bar. The concentration of each draw 
solution at this pressure was calculated using OLI Stream Analyzer (OLI Systems, Inc., 
Morris Plains, New Jersey, USA). Sodium chloride, sodium acetate, and 
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) were used as draw solutions and 
the concentrations corresponding to 60 bar osmotic pressure were 1.27, 1.49, and 0.61 M, 
respectively. 
Primary effluent (i.e. wastewater after primary sedimentation) was obtained from 
Wollongong Wastewater Treatment Plant (Wollongong, Australia). All batch experiments 
were conducted using both low and moderate strength wastewater, to represent the variability 
of municipal wastewater influent quality. Moderate strength wastewater was obtained during 
a dry weather period. Low strength wastewater was obtained immediately after a wet weather 
period. 
 Forward osmosis system 4.2.2.
A lab-scale, cross-flow FO membrane system was used. The membrane cell had two 
symmetric flow channels both with length, width, and height of 250, 50, and 2 mm, 
respectively, resulting in an effective membrane area of 125 cm2. The feed and draw 
solutions were continuously circulated through each flow channel by two variable speed gear 
pumps (Micropump, Vancouver, Washington, USA). The flow rate was regulated by two 
rotameters and was adjusted to achieve the desired cross-flow velocity. The majority of 
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experiments were operated with 1 L/min (corresponding to a cross-flow velocity of 16.7 
cm/s). A spacer was placed on the draw solution side of the membrane to improve mixing. 
The draw solution reservoir was positioned on a digital balance (Mettler-Toledo Inc., 
Hightstown, New Jersey, USA) and weight changes were recorded to calculate permeate 
water flux. A reservoir containing a highly concentrated stock solution (5 M) was also placed 
on the digital balance and was automatically dosed into the draw solution to maintain a 
constant osmotic pressure during experiments. The conductivity of the draw solution was 
monitored using a conductivity probe (Cole-Parmer, Vernon Hills, Illinois, USA), and was 
connected to a controller and a peristaltic pump to automatically regulate the draw solution 
concentration (control accuracy of ± 0.1 mS/cm). 
 Experimental protocol 4.2.3.
All experiments were conducted in FO mode (i.e. active layer facing the feed solution). 
Analytical grade solutes were dissolved in DI water at concentrations corresponding to an 
osmotic pressure of 60 bar. Water flux was measured according to the standard procedure 
previously described by Cath, et al. [186]. Water recovery was used to represent the FO water 
extraction rate and was calculated based on the ratio of the cumulative permeate volume and 
the initial feed solution volume. 
For batch experiments, the FO system was used to process primary effluent until a water 
recovery of 90% had been achieved. The initial volume of primary effluent (i.e. feed 
solution) was 2 L, and the solution was continuously filtered until 90% of the feed solution 
had permeated through the membrane (i.e. permeate volume of 1.8 L). Water flux was 
continuously monitored. The conductivity, pH, and temperature of each solution were also 
regularly measured. A 10 mL sample was withdrawn from the feed solution at specific time 
intervals for COD analysis as a measure of the strength of the wastewater or concentrated 
solution. All batch experiments were conducted in duplicate. 
A continuous flow experiment was also conducted whereby 5 L of primary effluent was 
firstly processed to achieve 90% water recovery, leaving 0.5 L of pre-concentrated solution. 
At this point, the membrane was flushed with DI water to remove the fouling layer. The 
system was then continuously operated using a feeding and concentrate withdrawal regime 
(maintaining 90% water recovery). Two Masterflex peristaltic pumps (Cole-Parmer, Vernon 
Hills, Illinois, USA) were used to supply fresh primary effluent into the feed solution 
reservoir and to withdraw concentrate. The experiment was terminated approximately 90 h 
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after membrane flushing, when the water flux had reduced to half of the initial water flux. 
Sodium chloride was used as the draw solution for all continuous flow experiments. 
Detailed reverse solute flux experiments were conducted to elucidate solute transport 
behaviours of the ionic organic draw solutes. The feed solution consisted of 3 L of DI water 
and the respective draw solution had a constant osmotic pressure of 60 bar. The conductivity, 
pH, and temperature of solutions were measured hourly. The reverse draw solute flux of each 
draw solution was measured by monitoring the changes of conductivity in the feed solution 
over time. A 20 mL sample was also withdrawn from the DI water feed solution reservoir for 
subsequent analysis of sodium and total organic carbon (TOC) to determine the reverse solute 
flux of sodium, and acetate and EDTA, respectively. 
 Analytical methods 4.2.4.
Key water quality parameters of the primary effluent were measured according to 
standard methods. COD was measured using a Hach DRB200 COD Reactor and Hach 
DR3900 spectrophotometer (program number 435 COD HR) following the US-EPA Standard 
Method 5220. Adequate dilutions and adjustments were made to minimise chloride 
interference during sample measurements. A Shimadzu analyzer (TOC-VCSH) was used to 
determine TOC concentration. An inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) system (ICP-OES 710, Agilent, Australia) was used to determine the sodium ion 
concentration in the samples. Temperature, pH, and electrical conductivity were measured 
using an Orion 4-Star pH/conductivity meter (Thermo Scientific, Waltham, MA). 
 Results and discussion 4.3.
 Forward osmosis pre-concentration of organic matter in wastewater 4.3.1.
Low strength wastewater can be pre-concentrated by FO up to the range suitable for 
anaerobic digestion (i.e. approximately 1000 mg COD/L). In this study, both low strength 
(137 ± 8 mg COD/L), and moderate strength wastewater (356 ± 13 mg COD/L) were pre-
concentrated until 90% water recovery was achieved (Figure 4.2A). The FO process 
predominantly extracted clean water, therefore enriching the concentration of organic matter 
in the feed solution. Results show that the FO process consistently pre-concentrated COD up 
to approximately eight-fold, independent of the initial wastewater COD. The low and 
moderate strength wastewater COD concentrations were increased up to 982 ± 61 and 
2893 ± 70 mg/L, respectively. These results demonstrate the suitability of FO for pre-
concentrating wastewater, and its robustness for treating wastewater with variable influent 
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quality. Furthermore, pre-concentrating wastewater with FO produces a reduced solution 
volume (i.e. ten times reduction at 90% water recovery) that is rich in organics and is 
arguably more amenable to anaerobic digestion compared to directly digesting raw 
wastewater. 
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Figure 4.2. (A) Initial and final (i.e. at water recovery of 90%) COD concentrations for 
low and moderate strength wastewater. Error bars represent the standard deviation of 
triplicate COD sample measurements. (B) Variation of experimental and calculated 
wastewater COD concentration factor during FO pre-concentration. Error bars represent the 
standard deviation of triplicate COD sample measurements from duplicate experiments. The 
initial wastewater COD for low and moderate strength wastewater were 137 ± 8 mg/L, and 
356 ± 13 mg/L, respectively. Mass balance assumes 100% COD retention in feed solution. 
Experimental conditions: primary effluent feed solution (2 L); π = 60 bar, NaCl draw 
solution; cross-flow rates of both feed and draw solutions were 1 L/min (corresponding to a 
cross-flow velocity of 16.7 cm/s). 
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The concentration of COD in wastewater increased proportionally with the FO system 
water recovery (Figure 4.2B). The FO membrane effectively retained a large proportion of 
organic matter in the feed solution, shown by the comparability of the experimental COD 
concentration with the calculated mass balance (i.e. assuming 100% COD retention in the 
feed solution). The experimental results were only slightly lower than values obtained from 
mass balance calculation and this observation can possibly be explained by the accumulation 
of solid organics within the membrane cell. In other words, a portion of the bulk pre-
concentrated wastewater COD gradually formed a cake layer on the membrane surface. 
Therefore, the measured feed solution COD concentration was lower than expected, 
particularly at high water recoveries where solids content was high. To a lesser degree, the 
observed COD pre-concentration behaviour may also relate to the incomplete rejection of 
COD by the FO membrane (i.e. 99% rejection) [117]. Theoretically, the COD concentration 
factor could be further maximised by increasing water recovery, or when higher strength 
wastewater is used as the feed solution (i.e. > 500 mg COD/L), yet this would further 
exacerbate the issues of salinity accumulation (Section 4.3.2.1) and membrane fouling 
(Section 4.3.3). The eight-fold concentration of COD achieved in this study is substantially 
higher than previous studies (i.e. three-fold COD concentration) [65] and is attributed to the 
longer process filtration time and potentially the lower initial COD of the wastewater. 
The enhanced organic content of FO concentrated wastewater can enable this solution to 
be fed into an anaerobic digester, and is arguably more effective when compared to direct 
anaerobic digestion of dilute wastewater. The net energy recovery from an anaerobic digester 
is theoretically proportional to the feed COD concentration, and therefore the FO system 
water recovery [111]. Thus, the increased COD concentration of FO pre-concentrated 
wastewater would increase energy recovery per unit volume of digestate. Furthermore, since 
90% of the initial water content has been extracted by the FO process for further treatment, 
the volume of feed that requires heating to optimum mesophilic conditions (i.e. 35 °C) during 
anaerobic treatment is lowered ten-fold (when compared with raw wastewater). In addition, 
when the FO process is combined with other desalination processes, high quality water can 
be reclaimed for reuse [60]. Overall, FO presents a direct and robust approach to wastewater 
treatment, by focusing on pre-concentrating organic matter to facilitate subsequent anaerobic 
digestion for energy recovery. 
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 Ionic organic draw solutes for wastewater pre-concentration 4.3.2.
4.3.2.1. Salinity accumulation 
Salinity accumulation is a major hindrance for high retention membrane systems such as 
FO, particularly when coupled with a biological process [49]. Intensive pre-concentration of 
wastewater by FO leads to the accumulation of salinity in the feed solution via two 
mechanisms. Firstly, the natural salinity of wastewater is retained by the FO membrane, and 
therefore the salt concentration increases proportionally to the system water recovery. 
Secondly, salt leaks from the draw solution into the feed solution (i.e. reverse draw solute 
flux) and can also significantly contribute to salinity accumulation [59]. Salinity 
accumulation in FO systems can have detrimental effects on water flux, as the osmotic 
pressure of the feed solution is increased, thereby reducing the effective osmotic driving 
force. More importantly for this application, high salt content within the pre-concentrated 
wastewater could potentially have adverse effects on subsequent anaerobic treatment 
processes. 
A promising approach to mitigate salinity build-up in FO pre-concentrated wastewater 
involves the use of ionic organic draw solutes. When sodium chloride was used as the draw 
solution, the conductivity of wastewater significantly increased as water recovery increased 
(Figure 4.3A). On the other hand, ionic organic draw solutes such as sodium acetate and 
EDTA-2Na presented a significantly lower conductivity compared to sodium chloride, 
demonstrating effective mitigation of salinity accumulation. A similar result was expected by 
Bowden, et al. [156] when using ionic organic draw solutes in an aerobic osmotic membrane 
bioreactor. Because each experiment pre-concentrated wastewater to 90% water recovery, the 
main contributor to the variance in salinity was the reverse draw solute flux. As shown in 
Figure 4.3B, the extent of salt accumulation was inversely related to the magnitude of reverse 
solute flux selectivity (RSFS) for each draw solution. Both sodium acetate and EDTA-2Na 
exhibited a larger RSFS compared to sodium chloride, indicating that a smaller amount of 
solute diffused through the membrane for a constant permeate volume. Thus, adopting ionic 
organic draw solutions could achieve a pre-concentrated solution with a lower salinity, 
without compromising the achievable organic content in pre-concentrated wastewater. 
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Figure 4.3. (A) Variation of wastewater conductivity during wastewater pre-concentration 
for sodium chloride, sodium acetate, and EDTA-2Na. Experimental conditions: primary 
effluent feed solution (2 L); π = 60 bar draw solution; cross-flow rates of both feed and draw 
solutions were 1 L/min (corresponding to a cross-flow velocity of 16.7 cm/s). The initial 
wastewater conductivity was 1.05 ± 0.02 mS/cm. (B) Water flux, reverse solute flux, and 
reverse solute flux selectivity (RSFS) of sodium chloride, sodium acetate, and EDTA-2Na. 
Experimental conditions: as above, with DI water feed solution (4 L). Error bars represent the 




The lower reverse solute flux behaviour of sodium acetate and EDTA-2Na can be 
explained by the mobility of the draw solute molecule. Both draw solutes have a lower 
diffusivity compared to sodium chloride, as acetate and EDTA ions are significantly larger 
than chloride as reported in Chapter 3. Thus, solute diffusion from the draw solution to the 
feed solution is restricted. This has implications for the attainable water flux for each draw 
solution (Section 4.3.2.3). Binary ion analysis for sodium acetate showed a similar 
performance to sodium chloride, whereby both the cation and anion diffused into the feed 
solution at a similar rate (Figure 4.4A). In contrast, binary ion analysis for EDTA-2Na 
revealed the potential decoupling of sodium and EDTA diffusion rates (Figure 4.4B). In other 
words, sodium tended to diffuse through the FO membrane at a faster rate than EDTA. This 
is likely due to the large size and high negative charge of EDTA, minimising EDTA diffusion 
through the membrane [189]. Nonetheless, despite the identified decoupling of the EDTA-
2Na draw solute, compared to sodium chloride and sodium acetate, the reverse salt flux with 
respect to only sodium was still insignificant. The combination of EDTA with solutes other 
than sodium has also shown potential to minimise reverse solute flux and would greatly 
benefit the FO pre-concentration process [126].  







































































Figure 4.4. Ionic organic draw solution binary ion diffusion analysis with linear 






4.3.2.2. COD content of pre-concentrated wastewater 
In addition to mitigating salinity build-up, ionic organic draw solutes enhance COD when 
pre-concentrating low strength wastewater. At 90% water recovery, both sodium acetate and 
EDTA-2Na displayed higher COD concentrations compared to sodium chloride (Figure 
4.5A). This may be due to the reverse solute flux of the ionic organic draw solutes, enhancing 
the COD concentration of the low strength wastewater. Although reverse solute flux is 
generally viewed as a hindrance for the FO process, in the case of ionic organic draw solutes, 
the mechanism could be beneficial for subsequent anaerobic treatment. For example, unlike 
sodium chloride which inhibits methane production during anaerobic treatment, the presence 
of sodium acetate or EDTA-2Na in pre-concentrated wastewater can benefit methane 
production (Chapter 3). By adopting ionic organic draw solutes when treating low strength 
wastewater, opportunities exist to operate at a favourably lower water recovery, whilst 
attaining the desired COD range and allowable salinity level. On the other hand, for moderate 
strength wastewater, the contribution of reverse solute flux to COD concentration was 
negligible (Figure 4.5B). The higher initial COD of the wastewater may have masked the 
contribution by reverse solute flux, and was possibly the reason why all three draw solutes 
displayed similar COD concentration performance. 



















































Figure 4.5. Variation of COD concentration during wastewater pre-concentration for (A) 
low strength and (B) moderate strength wastewater. Experimental conditions: primary 
effluent feed solution (2 L); π = 60 bar draw solution; cross-flow rates of both feed and draw 
solutions were 1 L/min (corresponding to a cross-flow velocity of 16.7 cm/s). Error bars 
represent the standard deviation of triplicate COD measurements. 
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4.3.2.3. Effect of draw solute on water flux decline 
During the batch wastewater pre-concentration experiments, the choice of draw solute did 
not significantly affect water flux decline even at high water recovery values (Figure 4.6). 
This suggests that both membrane fouling and salinity accumulation did not significantly 
contribute to water flux decline under these conditions (i.e. small processing volume and 90% 
water recovery cycle). As discussed in Section 4.3.3, continuous operation did result in more 
severe membrane fouling. For these batch experiments, the osmotic pressure of the pre-
concentrated wastewater was significantly lower than the draw solution throughout the 
experiment. Flux decline was likely caused by the sparse accumulation of foulants on the 
membrane surface, as the implemented hydrodynamic conditions (i.e. increased cross-flow 
velocity) prevented excessive build-up of foulant materials. 























Figure 4.6. Water flux decline during batch wastewater pre-concentration. Experimental 
conditions: primary effluent feed solution (2 L); π = 60 bar draw solution; cross-flow rates of 
both feed and draw solutions were 1 L/min (corresponding to a cross-flow velocity of 16.7 
cm/s). 
Although the draw solution did not affect water flux decline, the initial water flux was 
significantly governed by the draw solution. Sodium chloride and sodium acetate gave 
similar initial water fluxes (5.5 and 5.4 L/m2h, respectively) at the same osmotic pressure (i.e. 
60 bar), whilst the initial water flux of EDTA-2Na was significantly lower (3.3 L/m2h). 
EDTA-2Na exhibited the lowest water flux, owing to the negative effects of internal 
concentration polarisation [195]. This has limitations regarding the scale-up of FO systems 
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using EDTA based draw solutions, since a large membrane area would be required. 
Nonetheless, since FO is an osmotically driven process, other operational costs would not be 
significantly impacted. 
4.3.2.4. Effect of draw solute on pre-concentrated wastewater pH 
For all three draw solutions, the wastewater pH gradually increased during the pre-
concentration process (Figure 4.7). This is a result of the net diffusion of hydrogen ions from 
the feed to the draw solution. Hydrogen ion diffusion occurs in order to maintain solution 
electroneutrality, as a result of reverse solute flux [152, 207]. When EDTA-2Na was used, the 
wastewater pH tended to increase at a fractionally slower rate compared with the other two 
draw solutions, and may be due to the significantly lower reverse solute flux rate of EDTA-
2Na. Additionally, despite the lower reverse solute flux of sodium acetate compared to 
sodium chloride, the basic nature of highly concentrated sodium acetate solution may have 
contributed to the observed high wastewater pH. Results indicate that independent of the 
selected draw solution, FO pre-concentrated wastewater will have a high pH (approximately 
pH 8) and thus may need adjustment prior to feeding into an anaerobic reactor. 






















Figure 4.7. Variation of pre-concentrated wastewater pH during batch wastewater pre-
concentration experiments. Experimental conditions: primary effluent feed solution (2 L); π = 
60 bar draw solution; cross-flow rates of both feed and draw solutions were 1 L/min 
(corresponding to a cross-flow velocity of 16.7 cm/s). Error bars represent the standard 
deviation of measurements from duplicate experiments. 
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 Membrane fouling 4.3.3.
Although FO can provide a low-fouling alternative to pressure driven membrane 
processes, pre-concentration of high suspended solids content wastewater inevitably leads to 
membrane fouling. As shown in Figure 4.8, when a cross-flow velocity of 9 cm/s was 
applied, severe membrane fouling was evident by a rapid water flux decline. Importantly, a 
water recovery of only 70% could be achieved as the water flux had reduced to below 1 
L/m2h.  
 
Figure 4.8. Effect of applied cross-flow velocity on water flux during the continuous flow 
experiment. Experimental conditions: primary effluent feed solution (5 L); π = 60 bar, NaCl 
draw solution; cross-flow rates of both feed and draw solutions were adjusted to achieve 
desired cross-flow velocity. 
We increased the cross-flow velocity as a hydraulic fouling control method during the 
continuous flow experiment. The difference in water flux decline patterns between the two 
cross-flow velocities (i.e. 9 cm/s and 17 cm/s) was significant (Figure 4.8). When the cross-
flow velocity was approximately doubled, water flux decline was considerably lower, and the 
target water recovery of 90% could be achieved in one cycle. Increasing the cross-flow 
velocity provides additional shear force, which hinders the accumulation of foulants on the 
membrane surface [92]. For the higher cross-flow velocity, the water flux decline was 
minimal up to a water recovery of 70%. From this point onwards, water flux declined more 
rapidly, most likely due to the increased solids content of the pre-concentrated wastewater at 
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high water recoveries. Despite the flux declining by approximately half at a water recovery of 
90%, the increased cross-flow velocity was shown to effectively reduce the rate of water flux 
decline for the complex pre-concentrated wastewater solution. High cross-flow velocity 
flushing regimes can be further optimised to lower the energy consumption of this membrane 
fouling control strategy. However, this aspect is beyond the scope of this chapter, and further 
investigations are presented in the next chapter (Chapter 5). 
 Fouling reversibility and water flux sustainability 4.3.4.
Increasing the applied cross-flow velocity resulted in less flux decline during wastewater 
pre-concentration. However, after one cycle, water flux still declined to approximately 50% 
of the initial value. After membrane flushing, the initial water flux was completely restored 
(Figure 4.9), demonstrating the reversibility of FO membrane fouling. Furthermore, this 
water flux recoverability highlights the negligible contribution of feed water salinity increase 
to water flux decline. The FO process inherently inhibits fouling due to the nature of the 
osmotic driving force. The absence of hydraulic pressure promotes a loose and highly 
reversible fouling layer. In addition, FO generally operates at a low water flux and therefore a 
lower fouling rate [63]. For these reasons, simple membrane flushing is a highly effective 
cleaning strategy. 
 
Figure 4.9. Variation of water flux during the continuous flow experiment for one pre-
concentration cycle and at a fixed 90% water recovery (i.e. Rec = 90%). Experimental 
conditions: primary effluent feed solution (5 L); π = 60 bar, NaCl draw solution; cross-flow 
rates of both feed and draw solutions were 1 L/min (corresponding to a cross-flow velocity of 
16.7 cm/s). 
























Longer-term water flux behaviour was observed by continuously operating the FO system 
with the pre-concentrated wastewater solution (i.e. fixed 90% water recovery) after one pre-
concentration cycle. In other words, after 70 h of operation, fresh primary effluent was fed 
into the FO feed solution and concentrate was withdrawn to maintain a constant 90% system 
water recovery. From 70 h onwards, the water flux gradually declined due to the continuous 
exposure to the pre-concentrated wastewater. Interestingly, the rate of water flux decline 
gradually decreased and appeared to reach a steady state at approximately 150 h. This may 
indicate that the fouling cake layer had reached a maximum thickness, due to the cross-flow 
conditions. Nonetheless, membrane fouling remains a prominent hurdle for FO systems and 
further efforts are required to investigate the effectiveness of other fouling mitigation 
methods during wastewater pre-concentration. 
 Conclusions 4.4.
Pre-concentration of wastewater using FO presents a feasible approach to maximise the 
content of organic matter and possibly improve the digestibility of wastewater. In this study, 
the FO system achieved a COD concentration factor of approximately eight for low and 
moderate strength wastewater, at a water recovery of 90%. Specifically, FO allows for the 
pre-concentration of wastewater to the COD range (i.e. > 1000 mg/L) suitable for biogas 
production via anaerobic treatment, even with low strength primary effluent obtained during 
wet weather. Furthermore, the importance of draw solution selection is emphasised, as ionic 
organic draw solutes benefited the pre-concentration process in two ways. Both sodium 
acetate and EDTA-2Na solutes effectively mitigated excessive salinity build-up in the pre-
concentrated wastewater due to their lower reverse solute fluxes. Additionally, the ionic 
organic draw solutes enhanced the COD of low strength pre-concentrated wastewater, and are 
expected to benefit the digestibility of the solutions in terms of biogas production compared 
to sodium chloride. Significant membrane fouling was observed when operating at 90% 
water recovery using raw wastewater during the continuous flow experiment. However, this 
was reversible and could be controlled by optimising the hydrodynamic conditions during the 
FO process. Further developments of this FO wastewater pre-concentration process are 
recommended, including sustainable membrane fouling mitigation strategies and techno-
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 Introduction  5.1.
Phosphorus is an essential fertilizer ingredient. As the supply of fossil phosphorus is 
dwindling, the need to develop an alternative and renewable source of phosphorus has 
emerged as a significant challenge of our time [37, 208-210]. The expected shortage of 
phosphorus is an imminent threat to all agricultural and industrial processes that rely on this 
valuable element [211, 212]. Comprehensive analyses of global phosphorus flows have 
identified wastewater discharge as a dominant pathway of non-diffuse phosphorus losses. 
Thus, phosphorus recovery from wastewater is a promising source of this important element 
[213, 214]. In addition to the future concern of phosphorus depletion, phosphorus recovery 
from wastewater can minimise the risk of struvite scaling on wastewater treatment equipment 
[215, 216] and prevent the discharge of nutrient that may cause eutrophication in natural 
waterways [3, 173, 217]. 
Several approaches have been developed to recover phosphorus from wastewater. They 
differ in regards to the source water and the method used to pre-concentrate phosphate. 
Source waters include urine [118], raw wastewater [107, 108, 218], treated effluent [114, 
219], sludge [5], and digested sludge centrate (i.e. anaerobic supernatant) [30, 152, 200]. 
Among these source waters, digested sludge centrate is an important target for phosphorus 
recovery because it is small in volume but rich in phosphorus and readily available at any 
large scale wastewater treatment plant [30, 152, 200]. The efficiency of phosphorus recovery, 
generally as struvite (MgNH4PO4·6H2O) [216] can be enhanced by pre-concentrating 
phosphate prior to chemical precipitation. A novel membrane filtration process with 
significant potential for pre-concentrating phosphate for subsequent recovery is forward 
osmosis (FO). As a high rejection membrane process, FO can effectively retain and enrich the 
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phosphate and some of the ammonia in digested sludge centrate for subsequent recovery [39, 
61, 63]. Furthermore, the bidirectional diffusion of protons from the feed solution into the 
draw solution [207] increases the digested sludge centrate pH and provides a more favourable 
alkaline environment for chemical phosphorus recovery [152, 200]. 
FO can be used to extract clean water from difficult and complex waste streams that could 
not be processed by other conventional filtration processes. Previous studies have 
demonstrated the low fouling propensity of FO compared with its pressure driven 
counterparts such as reverse osmosis (RO) [51, 53, 103]. More importantly, FO membrane 
fouling appears to be reversible [51, 53, 103]. Indeed, several lab and pilot scale tests of FO 
membranes for the treatment of these highly complex waste streams including fracking fluid 
[220, 221], drilling mud [222], landfill leachate [223], and digested sludge centrate [152, 200] 
have been reported. In particular, the results obtained in Chapter 4 have highlighted the 
challenge of controlling fouling during the pre-concentration of the high suspended solid 
content sludge centrate solution. Nevertheless, no previous studies have comprehensively 
evaluated the FO process for a high water recovery (>80%) from digested sludge centrate that 
is necessary to achieve viable phosphorus recovery [224]. Thus, techniques to mitigate and 
control fouling are essential for realising the full potential of FO for high suspended solids 
waste streams, such as digested sludge centrate [50, 225]. 
FO membrane fouling can be controlled via either a physical or chemical cleaning process 
[81, 226]. Physical cleaning techniques such as cross-flow velocity increase or pulsated 
cross-flow, membrane flushing, air-scouring, osmotic backwashing, and ultrasonication have 
been studied for different applications and FO configurations [92, 162, 227, 228]. These 
techniques provide vigorous hydrodynamic conditions to prevent or remove the fouling cake 
layer from the membrane surface [92, 103]. FO membrane fouling during the pre-
concentration of sludge centrate is expected to occur rapidly but also be readily reversible. 
Thus, although chemical cleaning can be much more effective than physical cleaning [229, 
230], it is not compatible with the high cleaning frequency necessary for pre-concentrating 
sludge centrate for subsequent phosphorus recovery. In this context, ultrasonication is a 
promising technique to complement other physical cleaning techniques. Indeed, the potential 
of ultrasonication as a robust but chemical free FO cleaning technique has recently been 




Previous investigations have demonstrated the capability of FO to effectively retain thus 
pre-concentrate phosphate in the sludge centrate by more than five times [152, 200] to further 
enhance the economic viability of phosphorus recovery. Preliminary results from these 
investigations on fouling assessment also highlight the need to develop an effective 
membrane cleaning strategy to counteract the rapid but potentially more reversible fouling 
during the pre-concentration of sludge centrate by FO. 
This chapter evaluates the propensity and characteristics of FO membrane fouling for 
phosphorus recovery applications. Accelerated fouling conditions are applied to represent the 
long-term and intensive concentration scenario that is required for phosphorus recovery. We 
investigate three physical membrane fouling control techniques, namely, in-situ membrane 
flushing, air-scouring, and ultrasonication. Techniques are evaluated based on water flux 
decline and recoverability. 
 Materials and methods 5.2.
 Materials and chemicals 5.2.1.
The cellulose triacetate FO membrane was from Hydration Technologies, Inc. (Albany, 
Oregon, USA). Analytical grade NaCl was used as the draw solute at a concentration of 3 M. 
Wastewater was obtained after primary sedimentation from the Wollongong Water Recycling 
Plant (New South Wales, Australia). The sludge centrate was obtained from a digested sludge 
dewatering centrifuge from the same plant. 
 Forward osmosis system 5.2.2.
A lab-scale, cross-flow FO system was employed in this study. The cell was constructed 
of two symmetric flow channels with length, width, and height dimensions of 100 mm, 50 
mm, and 3 mm, respectively, and an effective membrane area of 50 cm2. Circulation of the 
feed and draw solutions through the cell flow channels was achieved by two variable speed 
gear pumps (Micropump, Vancouver, Washington, USA). The circulation flow rate was 
regulated using two rotameters, and pump speed was adjusted to achieve the desired cross-
flow velocity. For all experiments, a spacer was positioned on the draw solution side of the 
membrane cell to improve draw solution mixing. The flat-sheet membrane was sandwiched 
between two rubber gaskets and the two perspex semi-cells. The feed solution was circulated 
along the top semi-cell unless otherwise stated. 
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Permeate water flux was determined by recording the weight changes of the draw solution 
tank using a digital balance (Mettler-Toledo Inc., Hightstown, New Jersey, USA) at two 
minute intervals. Calculation of water flux was performed according to a standard procedure 
described elswhere [186]. All experiments were conducted using a constant 3 M NaCl draw 
solution. The draw solution concentration (therefore osmotic pressure) was maintained 
constant using a conductivity controlled pump, which dosed highly concentrated stock 
solution (5 M) of NaCl into the draw solution. Conductivity was continuously measured 
using a conductivity probe (Cole-Parmer, Vernon Hills, Illinois, USA), and was connected to 
a controller and a peristaltic pump to regulate the concentration of the draw solution (control 
accuracy of ±0.1 mS/cm). The temperature of the system was maintained at 21 ºC using a 
chiller and heater during all experiments (Neslab RTE 7, Thermo Scientific, Waltham, MA). 
 Cleaning Equipment 5.2.3.
Three fouling control techniques were evaluated in this study. They include in-situ 
flushing, air-scouring, and ultrasonication. In-situ flushing was achieved by increasing the 
circulation flow rates of the feed and draw solutions. The schematics of the air-scouring and 
ultrasonication cleaning equipment, and their assimilation with the FO system are shown in 
Figure 5.1. Each fouling control technique was applied separately, either continuously for 
fouling prevention or intermittently for membrane cleaning. The former does not interrupt the 
FO process. The latter requires a brief suspension of the FO process for foulant removal using 
clean water. 
For in-situ flushing, the pump circulation flow rate was adjusted to increase the rate of 
cross-flow velocity flushing (i.e. five times the baseline cross-flow velocity). Air-scouring 
was achieved by connecting an air pump (Aqua One, Australia) inline to the cross-flow 
membrane cell entry tube, via a one way valve (Figure 5.1A). The air supply rate was 
adjusted to achieve a uniform mixture of water and air (approximately 3 L/min). For 
ultrasonic application, the membrane cell was immersed inside a low frequency (i.e. 30 kHz) 
ultrasonic water bath (ECO-CT, Ultrasonics Eco, Queensland, Australia) (Figure 5.1B). The 
gaskets and tight screws of the membrane cell prevented leakage of liquid from the water 
bath (i.e. DI water) into the membrane cell flow channels and was verified by clear water 
testing. The temperature of the ultrasonic bath was maintained at 21 °C using a cooling loop. 
The cooling loop consisted of a separate reservoir with a submerged stainless steel heat-
exchanging coil connected to a chiller (SC200-PC, Aqua Cooler, Sydney, Australia), and a 




Figure 5.1. Schematic representation of an FO system with (A) air-scouring and (B) 
ultrasonication cleaning equipment. 
 Accelerated fouling experimental protocol 5.2.4.
Accelerated fouling conditions were implemented by applying a high draw solution 
concentration to maximise water flux and therefore increase the rate of membrane fouling. 
The circulation flow rate for all reference experiments (i.e. without applying physical 
cleaning) was 0.5 L/min (corresponding to a cross-flow velocity of 8.3 cm/s). An analytical 
grade NaCl solution of 3 M was used as the draw solution and this concentration was kept 
constant throughout the experiment using an automated control system [121]. A preliminary 
experiment using a synthetic solution with similar background electrolytes to the sludge 
centrate was also conducted. The water flux was constant over the entire experiment of 12 
hours suggesting that the increase in osmotic pressure of the feed was insignificant. Since the 
draw solution concentration was constant and the increase in the feed osmotic pressure was 




All experiments were performed with the membrane oriented in FO mode (i.e. active 
layer facing the feed solution) and in a counter-current flow arrangement. The feed solution 
volume was 1.5 L and the initial draw solution volume was 1 L. 
 Physical cleaning 5.2.5.
The three fouling control techniques described in section 5.2.3 were applied either 
continuously for membrane fouling prevention or intermittently for membrane cleaning. For 
membrane fouling prevention, these techniques were continuously applied during the entire 
accelerated fouling cycle. The water flux obtained was then compared with the reference 
condition (i.e. circulation flow rate of 0.5 L/min, corresponding to a cross-flow velocity of 
8.3 cm/s). 
For membrane cleaning, an accelerated membrane fouling experiment was first 
conducted. After each fouling cycle (approximately five hours) the membrane was cleaned 
for 30 minutes in-situ using one or a combination of these techniques with DI water as the 
carrier fluid. After cleaning, flux recoverability was determined by replenishing the feed 
solution with fresh digested sludge centrate. High cross-flow flushing was achieved by 
increasing the circulation flow rate by five-fold (i.e. 42 cm/s), whilst, the other cleaning 
techniques were analysed at the reference flow rate for comparison. Repetitive membrane 
cleaning was performed by operating consecutive four hour accelerated fouling cycles. At the 
conclusion of each cleaning cycle, the feed solution was replaced with fresh sludge centrate. 
 Membrane autopsy 5.2.6.
Scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS) 
(JCM-6000, JEOL, Tokyo, Japan) was used to identify the fouling layer morphology and 
composition. The membrane samples were firstly air-dried in a desiccator and then coated 
with an ultra-thin gold layer with a sputter coater (SPI Module, West Chester, PA). 
 Analytical methods 5.2.7.
The water quality parameters of the wastewater and primary effluent were measured 
following standard procedures. Total organic carbon (TOC) was analysed using a Shimadzu 
analyser (TOC-VCSH) and key ions were analysed using an inductively coupled plasma – 
optical emission spectroscopy (ICP-OES) system (ICP-OES 710, Agilent, Australia). The 
temperature, pH, and electrical conductivity were monitored using an Orion 4-Star 
pH/conductivity meter (Thermo Scientific, Waltham, MA). 
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 Results and discussion 5.3.
 Fouling propensity of wastewater and digested sludge centrate 5.3.1.
The fouling propensity of raw wastewater and digested sludge centrate was evaluated by 
performing FO filtration experiments under accelerated fouling conditions (Figure 5.2). As 
noted in section 5.2.5, water flux decline can be solely attributed to membrane fouling since 
the draw solution was maintained at 3 M NaCl and osmotic pressure increase in the feed 
solution was negligible. For raw wastewater, the water flux gradually declined by 
approximately 42% of its initial value after 12 hours of operation. On the other hand, digested 
sludge centrate showed a more severe fouling behaviour, with a sharp initial decrease and 
total water flux decline of 86% after 12 hours. Under these accelerated fouling conditions, 
water recoveries from raw wastewater and sludge centrate were approximately 50 and 21%, 
respectively. Compared to digested sludge centrate, the observed water flux decline when raw 
wastewater was pre-concentrated was less significant. Thus, sludge centrate was used in all 
subsequent experiments to evaluate the effectiveness of physical cleaning. 
 
Figure 5.2. Comparison of wastewater and digested sludge centrate fouling propensity. 
Fouling propensity is represented as the observed water flux decline during accelerated 
fouling conditions. Initial water flux of wastewater and digested sludge centrate was 20.0 ± 
0.5 L/m2h. Accelerated fouling conditions: feed solution was either wastewater or digested 
sludge centrate; NaCl draw solution was maintained at 3 M; cross-flow rates of both the feed 
and draw solutions were 0.5 L/min (corresponding to a cross-flow velocity of 8.3 cm/s). 




























The high fouling propensity of sludge centrate can be attributed to its very high solids (i.e. 
1.16 g/L) and mineral content (i.e. calcium and magnesium) as can be seen in Table 5.1. For 
digested sludge centrate, during the first two hours of FO filtration, the water flux declined 
rapidly, possibly due to the significant deposition of solid particles on the membrane surface. 
After this point, the rate of water flux decline was much smaller. The flux profile in Figure 
5.2 suggests that rapid cake layer formation was the prevalent cause of FO membrane 
fouling. The formation of a cake layer on the membrane surface can result in severe cake-
enhanced concentration polarisation, thus, reducing the effective osmotic driving force. It is 
noteworthy that major constituents in the sludge centrate including phosphate, ammonia and 
dissolved organics can be effectively retained by the FO process (Table 5.1). This attribute is 
essential for subsequent resource (phosphorus in this example) recovery but can also 
aggravate the cake-enhanced concentration polarisation phenomenon [224]. 
Table 5.1. Characteristics of raw wastewater and digested sludge centrate (average 
concentration ± standard deviation from triplicate measurements). The minimum FO 
rejection was calculated based on experimental data from our previous study [200]. 
Parameter Units Raw wastewater Sludge centrate 
Sludge centrate - 
Minimum FO 
rejection (%) 
Total solids g/L 0.64 ± 0.03 1.16 ±  0.03 - 
Volatile solids g/L 0.40 ± 0.02 0.58 ± 0.12 - 
Electrical 
conductivity 
mS/cm 1.45 ± 0.24 5.99 ± 0.11 - 
pH - 6.85 ± 0.10 7.77 ± 0.05 - 
Total organic 
carbon 
mg/L 45 ± 10 602 ± 16 94.3 
Total nitrogen mg/L 41 ± 9 764 ± 25 67.6 
PO43--P mg/L 23 ±  5 97 ± 7 98.6 
NH4+-N mg/L 71± 12 521 ± 22 88.3 
Ca2+ mg/L - 63 ±  5 - 
Mg2+ mg/L - 14 ±  5 - 
K+ mg/L - 106 ±  3 - 
 
5.3.1.1. Digested sludge centrate fouling characterisation 
Representative morphology and composition of the sludge centrate fouling layer are 
shown in Figure 5.3. The presence of irregular sized crystals suggests the dominance of 
inorganic membrane fouling (Figure 5.3A). Elementary analysis results indicated that the 
crystals predominantly contained carbon, oxygen, magnesium, phosphorus, and calcium 
(Figure 5.3B). Some crystals resembled an orthorhombic like shape typical of struvite, 
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however, the presence of calcium and organic matter in solution was likely to influence the 
crystal size, shape, and purity. Interestingly, visual observation of the fouling layer on the 
membrane coupon revealed a white flaky precipitate layer at the centre and a brown area at 
the edge of the membrane coupon (Figure 5.3C). The presence of these two distinctive 
fouling areas is likely due to the hydraulic profile within the membrane cell. In other words, 
the brown sections indicate areas where suspended organic solids were more likely to 
accumulate. Nevertheless, detailed examination by SEM analysis revealed no discernible 
difference in the morphology and composition of these two areas. 
The observed crystal morphology and the rapid flux decline shown in Figure 5.2, suggest 
that bulk crystallization of minerals occurred in the digested sludge feed solution, followed 
by particle deposition on the membrane surface [231]. However, it is noted that under the 
accelerated fouling condition in this experiment, the water recovery was only 21%. Thus, the 
deposition of more mineral crystals would be expected at higher water recoveries. As 
previously mentioned, in phosphorus recovery applications, a high concentration factor is 
necessary to improve process performance (i.e. phosphorus precipitation kinetics) and 
economics (i.e. chemical consumption) [152, 200]. 
 
Figure 5.3. (A) SEM micrograph and (B) EDS spectra of the FO membrane surface at the 
conclusion of the accelerated fouling experiment using digested sludge centrate as the feed 
solution. Experimental conditions are described in Figure 5.2. 
 Membrane fouling prevention 5.3.2.
Three fouling prevention techniques were evaluated during the pre-concentration of 
digested sludge centrate using FO. These prevention techniques were continuously applied 
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during the accelerated fouling cycle and each presented a unique effect on water flux decline 
compared to the reference flux decline (i.e. when no prevention technique was applied) 
(Figure 5.4).  
Operating at a high cross-flow velocity (i.e. 42 cm/s or five times the reference cross-flow 
velocity of 8.3 cm/s) and ultrasonic application effectively slowed the rate of water flux 
decline (Figure 5.4). Similarly, constant ultrasonic application reduced the severity of water 
flux decline compared to the reference. Increasing the cross-flow velocity is a proven 
technique to improve the hydrodynamic conditions close to the membranes surface as 
turbulence and shear force can prevent foulant accumulation [92]. On the other hand, the 
observed benefit of applying ultrasonication was possibly due to the combined effects of 
induced cavitation and the agitation of foulants near the membrane surface [232]. Ultrasonic 
application also reduced the extent of concentration polarisation by rapidly mixing both the 
feed and draw solutions close to the membrane surface, and thus improving the water flux 
dynamics [233]. Our results are consistent with previous studies on membrane cleaning using 
ultrasonication [227, 228, 234]. 
In contrast, air-scouring had a negative effect during the five hour fouling cycle. Water 
flux decline during continuous air-scouring was more severe than the reference condition. 
Within the first 30 minutes, water flux did not decline dramatically. However, after the first 
30 minutes, water flux drastically declined as air bubbles appeared to compress the fouling 
layer within the narrow membrane feed channel of the cross-flow module. The presence of 
air bubbles along the membrane surface may also reduce the available surface area (where the 
feed solution is in contact with the membrane for mass transfer), thus, limiting the rate of 
water permeation through the membrane. This effect was verified by performing the 
experiment with the feed active layer facing up and facing downwards in the membrane cell. 
Negligible differences in water flux decline were observed between the two configurations 
(data not shown). Air-scouring as a fouling prevention technique is generally a successful 
option in membrane bioreactor applications [235]. Our results suggest that module 
configuration is an essential parameter to consider when applying air-scouring, alongside 
aeration intensity, optimum bubble size and membrane contact [236]. Applying air-scouring 





Figure 5.4. Normalised water flux decline during accelerated fouling conditions with; (A) 
5x cross-flow velocity (i.e. 42 cm/s), (B) air-scouring, and (C) ultrasonic application, applied 
as fouling prevention techniques. Prevention techniques were continuously applied during the 
filtration time. Reference condition represents fouling cycle under accelerated fouling 
conditions. Accelerated fouling conditions: feed solution was digested sludge centrate; NaCl 
draw solution was maintained at 3 M; cross-flow rates of both the feed and draw solutions 
were 0.5 L/min (corresponding to a cross-flow velocity of 8.3 cm/s). 
Increasing the cross-flow velocity during filtration cycles was the most effective strategy 










































































permeate volume during the five hour cycle corresponding the lowest water flux decline. 
Variations in the cross-flow velocity rate are expected to be proportional to the water flux 
behaviour, however, this would correspondingly influence the systems energy consumption. 
Costs associated with circulation can be significant for FO membrane systems [113] and 
therefore optimisation of membrane fouling prevention techniques is important for a 
sustainable system. A similar argument can be said for ultrasonication, as continuous 
application would not be feasible due to the extensive energy consumption required. 
 Membrane cleaning 5.3.3.
5.3.3.1. Influence of repetitive high cross-flow velocity flushing 
The promising results of high cross-flow velocity and ultrasonication were further 
investigated for membrane cleaning. At the conclusion of each accelerated fouling 
experiment, in-situ high cross-flow velocity flushing with DI water could restore the water 
flux to the initial value (Figure 5.5). In comparison to the results in Figure 5.4A, these results 
(Figure 5.5) show that applying membrane cleaning is more effective than solely 
implementing fouling prevention over the five hour period. During the 30 minute cleaning 
period, foulants on the membrane surface were dislodged and removed from the membrane 
surface. Furthermore, since the feed and draw solutions were replaced with DI water, there 
was no water permeation during membrane cleaning. This relaxation period could also 
improve the effectiveness of high cross-flow velocity induced shearing on the fouling layer. 
Since membrane cleaning can be as short as 30 mins, this approach results in a lower energy 
requirement and only a brief suspension of the filtration process compared to continuous 
operation at a high cross-flow velocity. 
There was evidence that high cross-flow velocity flushing could not completely remove 
all solid particles from the membrane surface. Thus, it was not sustainable over multiple 
cycles of repetitive cleaning during accelerated digested sludge centrate fouling (Figure 5.6). 
At the conclusion of each cleaning cycle, the feed solution was replaced with fresh sludge 
centrate and a graduate flux decline was observed after several consecutive cleaning cycles. 
These results indicate that the effectiveness of high cross-flow velocity cleaning is dependent 




Figure 5.5. Water flux decline profile for a single digested sludge centrate fouling cycles 
using 30 minutes in-situ high cross-flow velocity flushing (i.e. 42 cm/s) with DI water. 
Accelerated fouling conditions: feed solution was digested sludge centrate; NaCl draw 
solution was maintained at 3 M; cross-flow rates of both the feed and draw solutions were 0.5 
L/min (corresponding to a cross-flow velocity of 8.3 cm/s). 
 
Figure 5.6. Water flux decline profile for repetitive, digested sludge centrate accelerated 
fouling cycles using 30 minutes in-situ high cross-flow velocity flushing (i.e. 42 cm/s) with 
DI water. Experimental conditions are as in Figure 5.5. 
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5.3.3.2. Complementary effects of ultrasonic cleaning and high cross-flow velocity flushing 
Given the effectiveness of ultrasonication to prevent fouling during accelerated fouling 
condition (Section 5.3.2), the combination of ultrasonic cleaning and high cross-flow velocity 
flushing was evaluated for membrane cleaning. Both the reference and five times the cross-
flow velocity were analysed to quantify the individual and complementary effects of these 
two cleaning techniques. The duration of the accelerated fouling cycle was increased to 
approximately 20 hours, to clearly distinguish the effectiveness of each cleaning strategy. 
Figure 5.7A & B show how cross-flow velocity flushing at varying intensities was 
insufficient to restore the initial water flux after a 20 hour fouling cycle. On the other hand, 
ultrasonic application improved the water flux recovery at both rates of cross-flow velocity 
(Figure 5.7C and D). The complementary effects of the two cleaning techniques were evident 
by the near complete restoration of water flux after ultrasonic application combined with high 
cross-flow velocity flushing (Figure 5.7D). The foulant material released from the membrane 
surface as a result of ultrasonication (i.e. high shear and turbulent conditions caused by 
cavitation) were more readily transferred into the bulk cleaning fluid (i.e. DI water) due to the 
high cross-flow velocity environment. Ultrasonic cleaning significantly improved simple 





Figure 5.7. Accelerated fouling profile and water flux recovery after applying 30 minutes 
of (A) low cross-flow velocity (CFV), (B) high cross-flow velocity, (C) ultrasonic application 
with low cross-flow velocity, and (D) ultrasonic application with high cross-flow velocity. 
Experimental conditions are as in Figure 5.5. 
The combination of ultrasonic cleaning with high cross-flow velocity flushing could 
recover water flux to the initial value, over four repetitive fouling/cleaning cycles (Figure 
5.8). These results indicate that the combination of ultrasonication and high cross-flow 
velocity flushing is an effective cleaning strategy. Further evaluation of ultrasonic frequency, 
intensity, and other operational parameters are necessary to further demonstrate process 
suitability and energy consumption. It is also necessary to evaluate the long term effects of 
ultrasonication on membrane durability after repetitive cleaning cycles. 
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Figure 5.8. Water flux decline profile for repetitive, digested sludge centrate accelerated 
fouling cycles using 30 minutes in-situ high cross-flow velocity flushing (i.e. 42 cm/s) and 
ultrasonic application with DI water. Experimental conditions are as in Figure 5.5. 
The cleaning efficiency of ultrasonic assisted flushing is also demonstrated by comparing 
the pristine membrane, with the fouled and cleaned CTA membrane (Figure 5.9). A detailed 
discussion of the digested sludge centrate fouling characterisation is presented in Section 
5.3.1.1. Overall, the SEM micrographs show that the application of ultrasonication with high 
cross-flow velocity can significantly remove all of the crystals evident in the fouling layer 
(Figure 5.9C). Furthermore, this also confirms that the dominant fouling mechanisms was 
bulk crystallization of minerals, followed by particle deposition on the membrane surface, as 
physical cleaning was capable of removing the majority of foulants [231]. In terms of the 
EDS spectra, the cleaned membrane indicated that traces of silicon, chlorine, and potassium 
remained sparsely attached to the membrane surface after the four accelerated fouling cycles 
(Figure 5.9 C). It is possible that intensified physical cleaning or chemical cleaning may be 
necessary to completely restore membrane performance in long term operations. 




























Figure 5.9. SEM micrographs and EDS spectra of the (A) pristine FO membrane, (B) 
fouled membrane, and (C) membrane after ultrasonic assisted flushing cleaning. 






Results from this study demonstrate that forward osmosis (FO) fouling associated with 
the pre-concentration of digested sludge centrate for subsequent phosphorus recovery is 
attributed mostly to the deposition of small mineral crystals and particulate matter on the 
membrane surface. Thus, FO fouling during the pre-concentration of digested sludge centrate 
can be effectively mitigated by physical cleaning. Under accelerated fouling conditions, high 
cross-flow velocity flushing and ultrasonication could prevent membrane fouling to some 
extent, whilst air-scouring aggravated the extent of membrane fouling. The results show that 
periodic membrane cleaning (i.e. brief suspension of the filtration process for membrane 
cleaning with water) was more practical than physical fouling prevention (i.e. continuously 
applying control technique during filtration operation). The combination of ultrasonication 
and high cross-flow velocity flushing could restore water flux to the initial value over several 





 Integrating forward osmosis with anaerobic CHAPTER 6:
treatment for simultaneous wastewater treatment and 
resource recovery: process performance and challenges 
 Introduction 6.1.
Wastewater is increasingly considered as a source of water, energy, and nutrients, rather 
than a waste. As such, there is a growing demand for low impact wastewater treatment, 
aiming to prevent nutrient release into the environment and to offset the energy requirements 
of treatment through net positive energy generation [3, 7, 237]. This demand has driven the 
development of innovative technologies to tap into the significant resource potential of 
wastewater [39, 224, 237]. Membrane-based technologies have been essential for advanced 
water purification for reuse applications [6]. To the same effect, anaerobic digestion is 
considered to be a key technology for the realisation of energy and nutrient recovery from 
wastewater [14, 32, 42, 45]. 
Anaerobic treatment is a promising approach to replace electricity consumption (which is 
a secondary form of energy) by a primary energy source (e.g. thermal energy). The 
conventional activated sludge process consumes significant amounts of electrical energy for 
aeration, thus, processes that avoid aeration (such as anaerobic biological treatment) are more 
preferable. One challenge that significantly lowers the biogas recovery and thus economic 
viability of anaerobic digestion is the low strength of wastewater. Slow-growing anaerobic 
microorganisms are unable to effectively convert chemical oxygen demand (COD) into 
methane at low organic loading rates. In addition, methane loss due to dissolution in the 
effluent is significant at a low production rate. For low strength wastewater, processes that 
pre-concentrate COD and nutrients (e.g. phosphorus) are necessary to improve the economics 
of biogas recovery from anaerobic treatment units [46, 238]. 
Forward osmosis (FO) can be strategically utilised to provide a unique approach to 
achieve simultaneous wastewater treatment and resource recovery [104, 224]. The key 
advantages of FO compared to other membrane processes include, low fouling propensity 
and easy cleaning, low hydraulic pressure operation, and high rejection of a broad range of 
contaminants. FO can be coupled with membrane distillation (MD) to directly extract clean 
water from raw wastewater, while simultaneously concentrating wastewater for integration 
with anaerobic treatment. Anaerobically digesting FO pre-concentrated wastewater can 
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produce biogas, which can then be used by a combined heat and power engine to produce 
electricity and thermal energy. While surplus electricity can be supplied to the grid, the 
thermal energy produced can be used to power MD and the anaerobic process itself. The 
anaerobic process also converts biologically bound phosphorus into a soluble form, thus 
allowing phosphorus recovery as struvite (MgNH4PO4·6H2O) [152] or hydroxyapatite 
(Ca10(PO4)6(OH)2) [200]. 
Interest in combining FO with the anaerobic process has significantly increased in recent 
years due to the potential advantages of a low-energy wastewater stabilisation and resource 
recovery. Recent studies have investigated FO-anaerobic integration in terms of draw 
solution selection [58, 239, 240], process configurations [241-243], membrane cleaning 
[230], trace organic contaminant removal [244], microbial composition [166, 245], and 
energy dynamics [246]. The majority of these studies adopt a membrane bioreactor 
configuration, whereby the FO membrane is physically located within the anaerobic 
bioreactor (i.e. anaerobic osmotic membrane bioreactor (An-OMBR)). An alternative option 
involves the direct FO filtration of wastewater, whereby organic matter and nutrients are pre-
concentrated and subsequently anaerobically digested. A key benefit of direct FO filtration is 
that the FO membrane is in contact with concentrated wastewater, which has a lower fouling 
propensity compared with the mixed liquor inside an An-OMBR [149, 224]. Furthermore, the 
volume of digestate that requires heating would be significantly less in the direct FO 
configuration. Nonetheless, the influence of the FO process on anaerobic digestion would be 
similar to some extent for both the An-OMBR and FO pre-concentration scenario. 
The most prominent challenge associated with integrating FO with anaerobic treatment is 
the incompatibility of salinity with sensitive anaerobic microorganisms. Salinity 
accumulation is an inherent issue associated with the FO process, due to the reverse flux of 
draw solutes into the filtrate (i.e. pre-concentrated wastewater or bioreactor) as well as due to 
the high membrane retention of the naturally existing dissolved solutes in wastewater. In 
addition to lowering the FO system efficiency, the high salinity levels in anaerobic treatment 
systems has shown negative effects on system performance in terms of microorganism health, 
pollutant removal efficiency, and ultimately biogas production [57, 239, 240]. A few notable 
approaches to address the issue of salinity accumulation when integrating FO with anaerobic 
treatment have recently been proposed in the literature. Draw solution selection has shown to 
significantly influence process performance in terms of salinity accumulation in the FO 
system and anaerobic compatibility [58, 239, 240]. Furthermore, a microfiltration assisted 
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An-OMBR has been developed and intends to maintain an acceptable salinity level in the 
bioreactor [242]. 
This chapter aims to evaluate the process performance and investigate the key challenges 
associated with integrating FO with anaerobic treatment, using optimised parameters. 
Specifically, this study optimises the FO concentration factor (i.e. system water recovery) to 
balance the organic content and salt concentration in pre-concentrated wastewater and their 
combined effects on methane production. Based on the results shown in Chapter 3, two draw 
solutes namely sodium chloride (NaCl) and sodium acetate (NaOAc) are compared in terms 
of FO membrane performance and the digestibility of pre-concentrated wastewater. 
Optimised parameters and cleaning techniques are applied to mitigate salinity accumulation 
(i.e. alternative draw solute) and membrane fouling (i.e. physical cleaning), whilst assessing 
their long-term effectiveness. 
 Materials and methods 6.2.
 Materials and chemicals 6.2.1.
Wastewater (effluent following primary sedimentation) and digested sludge were obtained 
from the Wollongong Water Recycling Plant (New South Wales, Australia). This real 
wastewater was used as a feed solution for FO pre-concentration experiments, whilst the 
digested sludge was used as the inoculum for the BMP experiments. Basic characteristics of 
the wastewater are shown in Table 6.1. 
Table 6.1. Characterisation of real wastewater for the FO feed solution (average 
concentration ± standard deviation from triplicate measurements). 
Parameters  Wastewater 
Chemical oxygen demand (COD) mg/L 288.8 ± 10.7 
Total solids (TS) g/L 0.67 ± 0.02 
Volatile solids (VS) g/L 0.26 ±0.01 
 
Draw solutions were prepared using either NaCl or NaOAc at 0.65M and 0.72M, 
respectively. These concentrations were obtained from OLI Stream Analyzer (OLI Systems, 
Inc., Morris Plains, New Jersey, USA) calculations to achieve an equivalent osmotic pressure 
of 30 bar (similar to that of seawater).  
BMP experiments were conducted using a synthetic wastewater solution. First a stock 
solution was prepared to contain 4 g/L glucose, 1 g/L peptone, 0.35 g/L urea, 0.175 g/L 
KH2PO4, 0.175 g/L MgSO4, 0.1 g/L FeSO4, and 2.25 g/L NaOAc. This stock solution was 
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then diluted to accurately simulate the COD of the initial primary effluent and as the COD 
increases with FO water recovery. Analytical grade NaCl or NaOAc was also added to the 
synthetic feed to simulate salinity increase corresponding to each water recovery values as 
calculated from the FO experiments. Pure nitrogen gas was used as the headspace in the BMP 
bottles and a 1M sodium hydroxide (NaOH) solution was used to absorb the carbon dioxide 
(CO2) and hydrogen sulphide (H2S) from the biogas. 
A thin film composite (TFC) FO membrane was used in this study and was supplied by 
Porifera (Porifera Inc., Hayward, CA). The TFC membrane had a polyamide active layer with 
a porous polysulfone layer for support. 
 Forward osmosis system 6.2.2.
The lab-scale FO system used in this study consisted of a cross-flow membrane cell with 
an effective membrane area of 50 cm2. The membrane cell consisted of two symmetric flow 
channel for the feed and draw solution to contact the membrane. Each flow channel had 
length, width, and height dimensions of 100 mm, 50 mm, and 3 mm, respectively. The flat-
sheet membrane was inserted between two rubber gaskets and the two semi-cells made of 
perspex. The feed and draw solutions were circulated through the membrane cell channels via 
two variable-speed gear pumps (Micropump, Vancouver, Washington, USA). The pump 
speed was adjusted to maintain the system cross-flow velocity, and the circulation flow rate 
was regulated using two rotameters. A diamond shaped spacer with a thickness of 1 mm was 
positioned within the draw solution flow channel to improve mixing. 
The flux dynamics of the system were determined according to the standard procedure 
described by Cath, et al. [186]. The weight change of the draw solution tank was measured 
using a digital balance (Mettler-Toledo Inc., Hightstown, New Jersey, USA) to determine the 
permeate water flux. The osmotic pressure of each draw solution was maintained constant 
during each FO experiment by controlling the solution conductivity. The draw solution 
conductivity was continuously measured using a conductivity probe (Cole-Parmer, Vernon 
Hills, Illinois, USA). A peristaltic pump connected to a controller, dosed highly concentrated 
stock solution (5 M) into the draw solution as the measured conductivity fell below the 
specified range at a control accuracy of (±0.1 mS/cm). This re-concentration system was also 
placed on the digital balance to ensure accurate flux measurements due to weight changes. 
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 Biochemical methane potential experimental set-up 6.2.3.
The biochemical methane potential (BMP) experimental set-up consisted of 16 
fermentation bottles (Wiltronics Research, Ballarat, Victoria, Australia) that were filled with 
500 mL of digested sludge and 250 mL of the simulated FO-preconcentrate. The fermentation 
bottles were submerged in a water bath that maintained a temperature of 35.0 ± 0.1 °C (Ratek 
Instruments, Boronia, Victoria, Australia). Each fermentation bottle was sealed with a rubber 
bung attached to an S-shaped air lock, and flexible plastic tubing was used to transfer biogas 
to the collection gallery. The gallery included 16 inverted 1000 mL plastic measuring 
cylinders, filled with a 1 M NaOH solution. The NaOH solution sequestered the CO2 and H2S 
in the biogas, whilst the CH4 gas displaced the NaOH inside the cylinder. Daily 
measurements of CH4 gas production were recorded. 
 Experimental protocol 6.2.4.
For the FO experiments, real wastewater was used as the feed solution and analytical 
grade draw solutes were dissolved in DI water at the concentration corresponding to an 
osmotic pressure of 30 bar. The system water recovery was calculated based on the ratio of 
the cumulative permeate volume and the initial feed solution volume. The FO system was 
operated continuously until 90% of water had been recovered from the real wastewater. The 
initial volume of wastewater was 2 L, corresponding to a total concentrate volume of 0.2 L. 
The water flux was continuously monitored, whilst the wastewater conductivity, pH, and 
temperature was frequently measured. At specific time intervals, samples of 10 mL volume 
were withdrawn from the feed solution for COD analysis to represent the amount of organic 
matter in solution. The circulation flow rates were maintained at 1 L/min and therefore the 
cross-flow velocity was equivalent to 16.7 cm/s.  
At the conclusion of the experiment, the membrane was flushed at a high cross-flow 
velocity for 30 minutes. This was achieved by replacing the feed and draw solutes with DI 
water and doubling the cross-flow velocity. After flushing, fresh wastewater was used as the 
feed solution to verify the water flux recoverability at the initial conditions. 
After experimentally determining the pre-concentrated wastewater characteristics (i.e. 
COD and salinity), a synthetic wastewater solution and each draw solute was used to simulate 
the wastewater at various water recovery stages. The COD results from the FO experiment 
using NaCl was used to represent the COD increase in wastewater as no draw solute 
interference took place (as is the case with NaOAc). A substrate volume of 250 mL and an 
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inoculum volume of 500 mL was selected, corresponding to an inoculum/substrate ratio of 
2:1. Three water recovery values were selected to represent various stages of the pre-
concentration process, namely 50, 80 and 90%. The synthetic wastewater solution described 
in Section 6.2.1 was diluted according to the COD value at each water recovery. Next, the 
measured conductivity was taken as the total required salinity, and the salinity contribution 
from the wastewater was calculated. The remaining salinity was assumed to be made up of 
the reverse solute flux contribution, therefore, the correct amount of concentrated draw solute 
stock was added to the substrate solution. 
For the BMP experiments, the synthetic FO pre-concentrate was prepared and then mixed 
with 500 mL of digested sludge. A reference condition was used to present the methane 
production of the inoculum, and real wastewater was also used in a separate condition for 
comparison to the synthetic wastewater. The fermentation bottles were purged with nitrogen 
gas, sealed, and submerged in the water bath. The contents of each bottle was characterised 
before and after the BMP experiment in terms of pH, conductivity, and COD. 
 Analytical methods 6.2.5.
Standard methods were used during the analysis of basic water quality parameters. The 
temperature, pH, and electrical conductivity were monitored using an Orion 4-Star 
pH/conductivity meter (Thermo Scientific, Waltham, MA). COD samples were analysed 
using a Hach DBR200 COD Reactor and Hatch DR/2000 spectrophotometer (program 
number 435 COD HR) following the US-EPA Standard Method 5220 D. Total solids (TS) 
and volatile solids (VS) of the primary effluent were determined within 3 days after sample 
collection. All samples were stored at 4 ºC. 
 Results and discussion 6.3.
 Pre-concentration performance using thin film composite membrane 6.3.1.
Pre-concentrating wastewater using TFC FO membrane resulted in the substantial 
increase in COD (i.e. approximately eight-fold) at a water recovery of 90% (Figure 6.1). The 
COD concentration behaviour of the TFC membrane was very similar to that of the cellulose 
triacetate (CTA) membrane used in Chapter 4, despite the differences in operating conditions 
(i.e. hydrodynamic conditions and experimental duration). As no fouling mitigation strategy 
was implemented for this experiment, it is possible that surface deposition of organics was an 
important fouling mechanism, and resulted in a lower bulk COD concentration than 
theoretically possible (i.e. ten-fold). In practice, the fouling layer can be re-suspended into the 
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feed solution during membrane cleaning, and thus contribute to the feed COD amount. The 
results shown in Figure 6.1 represent the increase in wastewater COD due to organic matter 
enrichment, as the NaCl draw solute would not have contributed to wastewater COD, as is 
the case for NaOAc. 
 
Figure 6.1. Pre-concentration of wastewater COD using NaCl draw solution and TFC FO 
membrane. Experimental conditions: primary effluent feed solution (2 L); π = 30 bar draw 
solution; cross-flow rates of both feed and draw solutions were 1 L/min (corresponding to a 
cross-flow velocity of 16.7 cm/s). 
Similar to the enrichment of COD in pre-concentrated wastewater, the level of salinity 
also increased as the FO experiment progressed (Figure 6.2). Wastewater conductivity 
increased for two reasons. Firstly, the natural salinity of the wastewater (i.e. 1 mS/cm) was 
enriched in the feed solution due to membrane solute rejection. Also, the reverse diffusion of 
the draw solutes into the feed solution contributed to salinity build-up. As shown in Figure 
6.2, the extent of salinity accumulation using NaOAc was 50% lower when compared to 
NaCl. This result is in good agreement with previous studies, whereby NaOAc has a smaller 
reverse solute flux due to the lower diffusion properties and large size compared with NaCl 
[55, 134, 156]. It is important to note that these results cannot be directly compared with 
those found in Chapter 4 using the CTA membrane, due to the difference in operating 
conditions. However, it is interesting to note that the TFC membrane using NaCl produced a 
concentrated wastewater with a larger salinity of approximately 17 mS/cm, compared with 
























the 13 mS/cm reported using the CTA membrane in Section 4.3.2. This result highlights the 
significant effects of FO operating conditions on process performance, namely, membrane 
type, hydrodynamic conditions, and experiment duration. 
 
Figure 6.2. Variation in wastewater conductivity for NaCl and NaOAc draw solutions. 
Experimental conditions as in Figure 6.1. 
 Effect of forward osmosis concentration factor on methane production 6.3.2.
The variation in wastewater characteristics at FO water recoveries of 50, 80, and 90% 
were simulated in batch anaerobic BMP experiments (Table 6.2). For both draw solutions, the 
conditions were simulated based on the experimentally determined values for salt 
concentration (i.e. conductivity) and organic content (i.e. COD) during the FO wastewater 
pre-concentration experiments. Wastewater COD was simulated using synthetic wastewater 
and the remaining conductivity requirement was supplied with the relevant amount of each 
draw solute (i.e. NaCl or NaOAc) as described in Section 6.2.4. As shown in Figure 6.1 and 
Figure 6.2, increasing water recovery results in an increase in conductivity and COD. 
However, conductivity and COD have independent and opposing effects on methane 
production [24]. Increased COD loading in this range (up to 1,000 mg/L) significantly benefit 
the anaerobic process in terms of methane conversion. Conversely, high conductivity 
solutions can seriously impact methanogenic health and inhibit methane production.  


































Table 6.2. Variation in wastewater conductivity and COD simulated in BMP experiments 
for NaCl and NaOAc. The calculated total COD in each BMP bottle is also shown. Two BMP 
experiments were performed and each condition was conducted in duplicate. 







Total COD in 
750 mL bottle 
(mg) 
Reference - - - 4,000 




50 2,449 540 4,135 
80 7,846 1,079 4,270 




50 1,889 540 4,675 
80 6,122 1,079 6,306 
90 8,900 2,280 7,588 
 
The cumulative methane production over a period of 30 days demonstrates the varying 
effect of FO water recovery and draw solute selection on the digestibility of pre-concentrated 
wastewater (Figure 6.3). Firstly, the methane production of real wastewater was only slightly 
higher than the reference condition and can be attributed to marginal difference in total COD 
for these two conditions, as well as due to variations in the innoculum characteristics (Table 
6.2). This result highlights the difficulties associated with digesting low strength wastewaters 
for the purpose of biogas recovery. In all cases, pre-concentration wastewater using FO 
improved the total wastewater COD, thus tended to increase methane production over the 
evalutation period. For both NaCl (Figure 6.3A) and NaOAc (Figure 6.3B), the cumulative 
methane production increased as the system water recovery was maximised. Overall, 
discerbible effect of reverse draw solute flux on methane production was observed, possibly 
due to the presence of sufficient biodegradable matter in the pre-concentrated wastewater, or 





Figure 6.3. Average cumulative methane production over the 30 day evaluation period at 
various wastewater (WW) pre-concentration stages using (A) NaCl and (B) NaOAc FO draw 
solutions. Error bars represent n=4 measurements, with two BMP experiments and each 
condition being performed in duplicate. 






























































The total methane production at various water recovery values and indicates the improvement 
in digester performance, owing to FO pre-concentration (Figure 6.4). The relative 
improvement in methane production for NaCl and NaOAc at 90% water recovery was 18 and 
25%, respectivley. When comparing this process to the direct digestion of raw wastewater, 
other advantages of using FO to pre-concentrate wastewater include a substantially reduce 
volumetric digester loading (i.e. 10% of intial wastewater volume) and the provision of a 
foulant-free draw solution for a subsequent desalination process to recover fresh water. 
Comparing the two draw solutions, at a water recovery value of 50% and 80%, the methane 
production of NaOAc exhibited a slightly higher methane production, due to the marginal 
differences in pre-concentrated wastewater characteristics. However, for 90% water recovery, 
NaOAc tended to produce a larger amount of methane compared with NaCl, due to the higher 
contribution of degradable reverse solute flux. Thus, in terms of wastewater pre-concentrate 
digestibility, no critical concentration factor was found for both draw solutes under these 
conditions (i.e. 90% water recovery and inoculum/ substrate ratio of 2:1). Although FO 
reverse solute flux of inorganic draw solutions is reported to negatively affect anaerobic 
treatment [240], these results show that careful selection of FO operating parameters and 
digester loadings could potentially improve the process performance. In effect, there is 
evidence to suggest that further maximising water recovery may not be detrimental to 
digester health, even when NaCl is used as the draw solution. 
 
Figure 6.4. Total methane production indicating no critical concentration factor existed up 
to 90% water recovery. Experimental conditions as in Figure 6.3. 




























 Water flux decline and flux recoverability 6.3.3.
The results presented in this chapter show that the rate of membrane fouling using the 
TFC membrane was higher compared with the CTA membrane used in Chapter 4. This can 
mostly be attributed to the significantly larger initial water flux of the TFC membrane. Figure 
6.5 presents the water flux decline for NaCl and NaOAc at the same osmotic pressure. 
Although the initial flux of NaOAc was slightly lower than NaCl, both draw solutes exhibited 
a similar flux decline in the initial stages of the experiment. Subsequently, NaOAc fouling 
was more severe and indicated the possible interaction between the draw solute and 
membrane fouling layer [134, 225]. Despite the observed membrane fouling, the complete 
water flux recovery after physical membrane flushing indicated that no irreversible fouling 
occurred and that fouling was limited to surface deposition (Figure 6.5). 
 
Figure 6.5. Water flux decline and recoverability during FO pre-concentration using TFC 
membrane. Membrane flushing was performed for 30 min using DI water as the feed and 
draw solution at double the experimental cross-flow velocity). Experimental conditions as in 




The performance and challenges associated with an FO system that integrates anaerobic 
treatment for biogas production were presented in this chapter. Raw wastewater pre-
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concentration was effectively demonstrated and a BMP experiments were used to further 
understand the effect of reverse draw solute flux on anaerobic treatment. In general, the TFC 
membrane showed a drastic improvement compared to CTA membranes, in terms of the 
obtainable water flux, which has important implications for the commercialisation of FO 
technology. Additionally, TFC membrane fouling was limited to surface deposition, thus 
allowed easy cleaning suing simple membrane flushing. The simulation of FO pre-
concentrated wastewater provided insight into the combined effects of organic matter and 
salinity loading on methane production. For both of the draw solutes, at various FO water 
recovery values, no discernible effect on methane production was observed. Based on this 
result, no critical concentration factor existed under the selected operating parameters (i.e. up 
to 90% water recovery and inoculum/substrate ratio of 2:1). Overall, the pre-concentrated 
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 Introduction 7.1.
Phosphorus is a key element for all life on earth. Without the phosphorus in biological 
molecules such as ATP (or adenosine triphosphate) and DNA (or deoxyribonucleic acid), life 
would not be possible. Phosphorus can also be found in the minerals within bones and teeth. 
Thus, phosphorus is an essential part of the human diet and a vital element for plants. Indeed, 
food security is increasingly dependent on the availability of phosphate fertilisers. As natural 
phosphorus reserves continue to deplete, it is necessary to improve resource efficiency by 
investing in the recycling and recovery of phosphorus [247]. A considerable fraction of the 
phosphorus consumed by society ends up in municipal wastewater. In wastewater, 
phosphorus is a pollutant. When discharged to the environment, phosphorus can cause the 
widespread eutrophication of receiving waters. This has motivated the implementation of 
regulatory standards for phosphorus removal at wastewater treatment plants (WWTPs). 
Overall, the environmental and regulatory need for phosphorus removal, together with the 
non-renewable nature of phosphorus, give significant incentive for the wastewater treatment 
sector to recover phosphorus from wastewater [3-5]. 
A pragmatic option to supplement phosphorus resources is to recover it from wastewater, 
or more precisely from anaerobically digested sludge centrate. In a typical WWTP, influent 
phosphorus is biologically accumulated in sludge. When sludge is anaerobically digested, 
orthophosphate is released and remains dissolved in the sludge centrate (i.e. supernatant). 
Digested sludge centrate can contain phosphate concentrations in the range of 75–300 mg/L, 
compared with about 8 mg/L present in influent wastewater [3]. The elevated phosphate 
concentration in digested sludge centrate presents significant opportunities for phosphorus 
recovery techniques to be readily integrated into current wastewater treatment infrastructure. 
Implementing phosphorus recovery can improve nutrient management at WWTPs. Nutrient 
rich digested sludge centrate is commonly returned to the head of the treatment plant, leading 
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to the gradual build-up of phosphorus in the plant, decreasing the efficiency of wastewater 
treatment with respect to phosphorus removal [217]. More importantly, the build-up of 
phosphorus can also result in gradual struvite precipitation causing blockages and equipment 
scaling [216]. Thus, by recovering phosphorus from digested sludge centrate, phosphorus 
removal to comply with effluent discharge standards can be improved and costly maintenance 
due to blockages can be avoided. At the same time, phosphorus fertilisers can be produced. 
Despite the benefits of phosphorus recovery from digested sludge centrate, there are 
several challenges to developing techniques that are both economically viable and 
environmentally friendly. Conventional techniques to precipitate agronomically suitable 
phosphate minerals are expensive and chemically intensive. For example, controlled 
precipitation of the slow-release fertiliser struvite (MgNH4PO4·6H2O) requires the addition of 
magnesium in a significant quantity to exceed the stoichiometric ratio. The high cost of 
magnesium salts makes the conventional struvite recovery process uneconomical and 
consumes more resources than are produced [248]. Indeed, the primary drivers for most 
recently installed plants are to prevent struvite blockages and to enhance phosphorus removal. 
Calcium phosphate precipitates have gained recent attention as an alternative phosphate 
mineral to be recovered from wastewater, attributed to the simplicity, lower cost and easy 
acceptance into industrial fertiliser production [249]. Additionally, the initial phosphate 
concentration is the most important parameter that dictates the efficiency, thus cost 
effectiveness of a phosphorus recovery process. Therefore, phosphorus recovery can also be 
enhanced by firstly pre-concentrating the phosphate in digested sludge centrate [152, 250]. 
Pre-concentrating phosphate in digested sludge centrate can increase the precipitation 
kinetics of phosphorus mineral recovery. There have been several membrane-based 
techniques (e.g. membrane distillation and reverse osmosis) for mineral pre-concentration 
and subsequent recovery from saline industrial wastewaters [251, 252]. However, most of 
them are not suitable for digested sludge centrate given its high fouling propensity. One key 
technology with significant potential to perform this function is the osmotically driven 
membrane filtration process forward osmosis (FO). FO has a number of advantages when 
applied for the treatment of complex solutions including digested sludge centrate [30, 152], 
fracking fluid [79, 220], reverse osmosis brine [253], and landfill leachate [79]. FO 
membranes can retain more than 97% phosphate in digested sludge centrate [30, 152]. 
Furthermore, fouling in FO is mostly reversible, even with complex feed solutions [63]. The 
bi-directional transport phenomenon of FO is another important advantage. This leads to an 
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increase in pH of the feed solution [152, 207], which is optimal for phosphate mineral 
precipitation. Additionally, the back diffusion of draw solutes can be utilised, thus, seawater 
can be applied as a draw solution as a potential additional source of calcium for calcium 
phosphate precipitation. These key attributes make FO possibly the best process to pre-
concentrate digested sludge centrate for subsequent phosphorus recovery. 
Recent demonstrations of FO to pre-concentrate nutrients prior to phosphate mineral 
precipitation have shown excellent potential to lower chemical requirements, increase 
precipitation kinetics, and improve the efficiency of phosphorus recovery from wastewater [5, 
30, 108, 114, 152, 254]. Xie et al. [152] demonstrated struvite recovery from digested sludge 
centrate using a hybrid forward osmosis – membrane distillation (FO-MD) system with 
MgCl2 as the draw solution. In addition to providing favourable conditions for struvite 
precipitation (i.e. elevated ammonium and orthophosphate concentrations, and an elevated 
pH), the FO system supplied additional magnesium required for struvite precipitation by 
reverse draw magnesium flux. However, as noted above, a major drawback with the current 
approach for phosphorus recovery from digested sludge centrate via struvite precipitation is 
the need for costly magnesium addition. Furthermore, FO usually requires draw solution 
regeneration, thus, adding another significant cost component to the overall process. 
This chapter demonstrates a novel seawater-driven FO technique to recover phosphorus 
from digested sludge centrate without any chemical addition and draw solute recovery. In this 
process, phosphate is retained in the digested sludge centrate by the FO membrane, and water 
is transferred to the seawater draw solution. The enrichment of phosphate, calcium, and 
magnesium ions, as well as a slightly alkaline condition in the digested sludge centrate allows 
phosphate minerals to spontaneously precipitate in the feed solution during the filtration 
process. This avoids the costs associated with calcium or magnesium addition, as well as pH 
adjustment – a critical requirement of conventional precipitation processes. In addition, the 
use of seawater as a draw solution eliminates the need for draw solute regeneration, thus 
providing an energetically favourable system. The process was evaluated in terms of nutrient 
pre-concentration efficiency, facilitation of phosphate mineral recovery, water flux dynamics, 
and membrane fouling. 
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 Materials and methods 7.2.
 Forward osmosis system 7.2.1.
A lab-scale, cross-flow FO membrane system with an effective membrane area of 123.5 
cm2 was used for all filtration experiments [55]. The FO membrane cell consisted of two 
symmetric flow channels each with a length, width, and height of 130, 95, and 2 mm, 
respectively. The feed and draw solutions were circulated through each flow channel by two 
variable speed gear pumps (Micropump, Vancouver, Washington, USA). Two rotameters 
regulated the circulation flow rate at 1 L/min, which corresponds to a cross-flow velocity of 9 
cm/s. The feed solution reservoir was positioned on a digital balance (Mettler-Toledo Inc., 
Hightstown, New Jersey, USA) and weight changes were recorded to determine the permeate 
water flux during experiments. 
In comparison to previous chapters, A cellulose triacetate (CTA) membrane with 
embedded polyester screen support was used in this study, and was acquired from Hydration 
Technologies Innovation (HTI) (Albany, Oregon, USA). The membrane was operated in FO 
mode (i.e. active layer facing the feed solution). 
 Experimental protocol 7.2.2.
The FO system was used to process digested sludge centrate until 80% water recovery 
had been achieved (approximately 3 days). The feed and draw (seawater) solutions had initial 
volumes of 3 and 10 L, respectively, and the system was operated in a closed loop 
arrangement. A large draw solution to feed solution volume ratio (i.e. FSDS VV ) was selected 
to minimise the effects of draw solution dilution, and feed solution concentration (i.e. 
approach of osmotic equilibrium) on water flux decline during experiments. 
Water recovery ( Rec ) was used to represent the water extraction rate of the FO process 
for each filtration cycle and is defined by Equation 7.1. This was calculated based on the ratio 
of the cumulative permeate volume and the initial feed solution volume ( 0,fV ). Where mA is 













Solution temperature, pH, and electrical conductivity were monitored throughout the 
duration of experiments. Samples of 20 mL were withdrawn from the feed and draw solutions 
at specific intervals for analysis. The rejection of nutrients by the FO membrane was 
calculated according to Equation 7.2 [255]. Where nJ  is the solute flux (from feed to draw 






1−=  Equation 7.2 
At the conclusion of the filtration cycle, the accumulated solids in the feed solution were 
collected by centrifuging the concentrated digested sludge centrate at 5,250 ×g at 20 ºC for 5 
minutes. The solids were then dried in a desiccator at room temperature. 
Water flux dynamics were investigated by determining the FO membrane water flux 
recoverability due to changes in solution osmotic pressure as well as due to membrane 
fouling. Firstly, at the end of the filtration cycle, the membrane was removed from the cell 
and was flushed with deionised water (DI) to remove the fouling layer. With the same feed 
and draw solutions, the membrane was returned to the cell and the flux recoverability due to 
membrane fouling was quantified. Next, to confirm the flux decline due to dilution of the 
draw solution, the feed solution was replaced with DI water, therefore excluding the feed 
solution osmotic pressure component. Lastly, the feed and draw solutions were replenished 
with fresh digested sludge centrate and seawater, and subsequent filtration cycles began. All 
experiments were conducted in duplicate. 
 Analytical methods 7.2.3.
Key water quality parameters for the digested sludge centrate feed solution and seawater 
draw solution were measured according to standard methods. Phosphate and ammonia were 
analysed using Flow Injection Analysis (QuickChem 8500, Lachat, Loveland, CO). An 
inductively coupled plasma–optical emission spectroscopy (ICP–OES) system (ICP-OES 710, 
Agilent, Australia) was used to determine cation concentrations in the aqueous phase. 
Amounts of phosphorus, calcium, magnesium, and potassium in the precipitate were 
determined by dissolving a known amount of precipitate in HNO3 (5%) followed by ICP–
OES analysis. Total organic carbon (TOC) and total nitrogen (TN) were measured using a 
TOC/TN analyser (TOC-VCSH, Shimadzu, Kyoto, Japan). Temperature, pH, and electrical 
 
117 
conductivity of solutions were monitored by an Orion 4-Star Plus pH/conductivity meter 
(Thermo Scientific, Waltham, MA).  
The obtained solids were characterised using scanning electron microscopy (SEM) 
coupled with energy dispersive spectroscopy (EDS) (JOEL JSM-6490LV, Japan). 
 Digested sludge centrate and seawater 7.2.4.
Digested sludge centrate was collected from a dewatering centrifuge at the Wollongong 
Water Recycling Plant (New South Wales, Australia). Seawater was collected from 
Wollongong (New South Wales, Australia), and was filtered by 0.5 μm paper filters prior to 
experiments. Key water quality parameters of the digested sludge centrate and seawater are 
provided in Table 7.1. 
Table 7.1: Key physicochemical properties of digested sludge centrate feed solution (FS) 
and seawater draw solution (DS) (average ±  standard deviation from triplicate 
measurements). 
Parameters Digested sludge centrate (FS) Seawater (DS) 
Total solids (g/L) 1.13 ±  0.01 36.80 ±  0.23 
Electrical conductivity (mS/cm) 5.53 ±  0.05 53.65 ±  0.30 
Osmotic pressure (as NaCl) (bar) 2.00 ±  0.02 26.80 ±  0.20 
pH 8.03 ±  0.28 8.00 ±  0.01 
Total organic carbon (mg/L) 589 ±  11 - 
Total nitrogen (mg/L) 741 ±  21 - 
Phosphate (mg/L) 88 ±  5 < 0.1 
Calcium (mg/L) 63 ±  5 377 ±  13 
Magnesium (mg/L) 14 ±  5 1,359 ±  10 
Sodium (mg/L) 92 ±  4 10,366 ±  26 
Potassium (mg/L) 106 ±  3 503 ±  6 
 
 Forward osmosis water flux model 7.2.5.
Water flux dynamics were predicted using the established water flux model for FO 
membranes [195]. Specifically, as the FO system was operated in a closed loop, the effects of 
feed and draw solution osmotic pressure changes were scrutinised. The water flux in FO can 
be predicted using Equation 7.3, and considers the influence of internal concentration 
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polarisation (ICP) in FO mode operation (i.e. active layer facing the feed solution) [195]. 
Here, A  is the membrane water permeability coefficient, B  is the membrane draw solute 
permeability, and mK  is the mass transfer coefficient (i.e ratio of draw solute diffusion 
coefficient, D and membrane structural parameter, S  (Equation 7.4)). The osmotic pressure 















πln  Equation 7.3 
S
DKm =  Equation 7.4 
The key membrane transport parameters A, B, and S were determined using the protocol 
previously described by Cath et al. [186]. Details of the reverse osmosis system and 
procedure to determine A, B, and S are available elsewhere [206]. The experimentally 
determined values for A and B were 1.81x10-12 m/sPa and 6.94x10-8 m/sPa, respectively. The 
membrane S was 670 µm. 
Although the ionic composition of seawater is rather complex, it is dominated mostly by 
NaCl. Thus, for simplicity, the mK  of NaCl was adopted for calculations as opposed to 
seawater. OLI Stream Analyzer (OLI Systems, Inc., Morris Plains, New Jersey, USA) was 
used to determine the relationship between the concentration, conductivity, diffusivity, and 
osmotic pressure of NaCl. The dissolved salts in the digested sludge feed solution were also 
assumed to be made up of only NaCl. The filtration process was simulated by considering the 
effects of the loss or gain of permeate water on feed and draw solution osmotic pressure, thus 
water flux. In FO, water transport is driven by the osmotic pressure difference between the 
draw and feed solution. The influence of the bi-directional transport of ions on water flux is 
negligible. Thus, a simple mass balance of salt (NaCl) can be readily obtained to simulate the 
water flux and concentration of specific ions as a function of water recovery using Equation 
3.1 to Equation 7.4. 
 Mineral species estimation 7.2.6.
Visual MINTEQ (v. 3.0) was used as the chemical equilibrium model to estimate the 
mineral speciation of precipitates. Input data was based on experimentally determined values. 
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 Results and discussion 7.3.
 Forward osmosis membrane nutrient rejection 7.3.1.
Phosphate rejection was high under all experimental conditions (Figure 7.1A). It is noted 
that phosphate in the draw solution was below the detection limit, excluding the last 
measurement at 80% water recovery, which was less than 1 mg/L. The high performance of 
the CTA-FO membrane can be attributed to the electrostatic repulsion between the negatively 
charged phosphate ions and the strong negative charge of the membrane at the working 
solution pH (i.e. between pH of 8.0 and 8.7) [114]. Steric hindrance (size exclusion) was also 
an important rejection mechanism, since phosphate has a large hydrated radius. 




































































































Figure 7.1. Variation of feed solution (FS) and draw solution (DS) concentration, and FO 
membrane rejection of (A) PO43-, (B) Ca2+, (C) Mg2+, and (D) K+ during FO treatment of 
digested sludge centrate. The red solid lines (CCa,DS, CMg,DS, and CK,DS) are the calculated Ca2+, 
Mg2+, and K+ concentration in the draw solution, respectively. All calculations assume that 
the FO membrane retains 100% of Ca2+, Mg2+, and K+. 
The FO membrane could also effectively retain calcium, magnesium, and potassium 
(Figure 7.1B–D). Since the seawater draw solution was allowed to dilute, the ion 
concentration gradually declined proportionally to the increase in volume. When there is no 
transfer of calcium and magnesium between the feed (sludge centrate) solution and draw 
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(seawater) solution, as the draw solution becomes more diluted, their concentrations (i.e. 
CCa,DS and CMg,DS) can be calculated by a mass balance. As can be seen in Figure 7.1B and C, 
the measured concentration of both calcium and magnesium in the draw solution are identical 
to their calculated values. In other words, calcium and magnesium in the sludge centrate feed 
were enriched as water was transferred into the draw solution. Results presented in Figure 
7.1B and C also infer that reverse permeation of calcium and magnesium in seawater has 
minimal contribution towards supplementing feed solution concentrations. On the other hand, 
the experimental concentration of potassium in the draw solution declined at a discernibly 
faster rate than the calculated value (Figure 7.1D). Results in Figure 7.1D are consistent with 
the fact that FO membranes are more permeable to monovalent ions (e.g. potassium) than 
divalent ions (e.g. calcium and magnesium). The reverse permeation of sodium from 
seawater was also significant. While calcium, magnesium, and potassium can possibly 
interact with phosphate to form several kinds of phosphorus precipitates, there is no known 
sodium phosphorus precipitate. Thus, we do not show data related to sodium transport here. 
Overall, the rejection performance shown in Figure 7.1 suggests that the FO process can 
effectively pre-concentrate phosphate and other ions in digested sludge centrate. 
The high rejection of the FO membrane and the closed loop operation led to the 
enrichment of phosphate, calcium, magnesium, and potassium in the feed solution. However, 
an increase in the feed solution concentration could only be observed for magnesium and 
potassium (Figure 7.1C and D). It appears that under the experimental conditions of this 
study, magnesium and potassium are not significantly involved in the precipitation of 
phosphate. Thus, magnesium and potassium concentrations steadily increased due to volume 
reduction of the feed solution. Magnesium was concentrated approximately by five-fold, in 
agreement with the rate of volume reduction and confirming the near complete rejection by 
the FO membrane. As discussed above, potassium enrichment in the feed solution was further 
augmented by the back diffusion of potassium from the seawater draw solution. It is 
noteworthy that phosphate and calcium concentrations in the feed sludge centrate did not 
increase as it was pre-concentrated (Figure 7.1A and B), despite their high rejection by the 
FO membrane. Phosphate and calcium concentrations in the feed solution decreased overall, 




 Phosphorus removal and recovery 7.3.2.
7.3.2.1. Spontaneous precipitation of phosphate minerals 
The enrichment of phosphate and calcium in digested sludge centrate by the FO process 
provides favourable conditions for spontaneous phosphate mineral formation. Throughout the 
experiment, the mass of phosphate and calcium in the feed solution drastically decreased 
from their initial values (Figure 7.2). This decline indicates their spontaneous precipitation 
out of solution, with flaky white solids clearly accumulating at the bottom of the feed solution 
tank. The mass of phosphate declined at a steady rate from 253 to 10 mg over the course of 
the experiment. The decline in phosphate coincided with a similar variation in calcium. 
Initially (i.e. between 0% and 25% water recovery), the mass of calcium in the feed decreased 
slightly. From 25% onwards, the amount of calcium in the feed decreased gradually and 
eventually dissipated to below 10 mg. This suggests that the calcium presence actively 
induced the removal of phosphate through precipitation. The mass of magnesium in the feed 
solution slightly reduced during the initial stages of the experiment. This could indicate the 
incorporation of some magnesium into the precipitated solids. However, since the initial and 
final mass of magnesium in the feed solution is comparable, the uptake of magnesium is 
likely to be insignificant. 












































Figure 7.2. Variation of sludge centrate pH and the mass of PO43-, Ca2+, and Mg2+ in the 
feed solution during FO treatment of digested sludge centrate. 
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In addition to the sustained concentrative action of the FO process, the spontaneous 
precipitation of phosphate minerals was encouraged by the gradual increase in feed solution 
pH (Figure 7.2). The feed solution pH steadily increased from 8.0 to 8.7 during the 
experiment due to the diffusion of protons from the feed to the draw solution. This is an 
inherent phenomenon in FO [207, 256]. Here, the elevated pH further enhances the 
spontaneous precipitation of phosphate minerals, since calcium phosphate can readily 
precipitate at a slightly alkaline pH value. Overall, phosphorus removal occurred due to both 
the concentrative effects from FO membrane water extraction and the increase in the feed 
solution pH. 
The seawater-driven FO process showed an excellent capacity to remove phosphate from 
digested sludge centrate. The total phosphate removal due to precipitation at the conclusion 
of the experiment was 92% (Figure 7.3), with only 4% of the initial phosphate content being 
lost to the draw solution, and 4% remaining in the feed solution. Phosphate removal increased 
as water recovery increased up to 65% (i.e. concentrated by three-fold). However, when the 
water recovery increased beyond 65%, phosphate removal reached a plateau value. This can 
be explained by the deficiency of phosphate and calcium (i.e. both were less than 20 mg/L) in 
the sludge centrate, thus, lowering the precipitation efficiency from this point onwards. 


























7.3.2.2. Recovered solids 
SEM imaging shows a loose arrangement of mineral clusters and EDS analysis confirms 
that the recovered solids contain phosphorus and calcium (Figure 7.4A and 4B). Calculation 
of the saturation index (SI) of the initial digested sludge centrate solution using Visual 
MINTEQ showed the oversaturation of a number of possible calcium phosphate minerals, 
with hydroxyapatite (Ca5(PO4)3(OH)) displaying the highest potential for precipitation (i.e. SI 
= 13.09). The increase of the solution pH to 8.7, alongside the five-fold concentration of 
nutrients in the feed solution, further increased the SI value for hydroxyapatite. Yet, the 
solids obtained were more likely to consist of amorphous calcium phosphate. This is due to 
the identification of carbon, oxygen, and magnesium in the solids, and indicates the 
incorporation of organic matter, as well as the co-precipitation of carbonate and magnesium 
in the solids [217]. The presence of magnesium [257], carbonate [258], and organic matter 
[259] was likely to inhibit the formation of hydroxyapatite in the digested sludge centrate. 
Nonetheless, despite the impact on hydroxyapatite formation, there was no discernible effect 
on phosphate removal. As can be seen in Figure 7.3, 92% of phosphate in the digested sludge 
centrate was removed via precipitation. 
 
Figure 7.4. (A) Scanning electron microscopic image, (B) energy dispersive X-ray 
spectrometry spectrum, and (C) elementary composition of the recovered solids (ICP-OES 
measurement of the precipitate dissolved in acid). 
Despite the high phosphorus removal efficiency, elementary analysis (ICP–OES 
measurement of the precipitate dissolved in acid) of the precipitate obtained revealed that it 
only contained 3% phosphorus (Figure 7.4C). This gives further evidence that the formation 
of calcium carbonate was prominent, and is likely to make up a significant portion of the 
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solids. In other words, the mass percentage of phosphorus in the precipitate is rather small. 
Given the high carbonate content of digested sludge centrate, additional processing may be 
required for the production of phosphorus fertilizer from the obtained precipitate. However, 
the formation of calcium carbonate may have helped to improve the coagulation of phosphate 
precipitates [260]. 
 Membrane fouling and water flux dynamics 7.3.3.
The observed water flux decline in Figure 7.5 was mostly due to the decrease in osmotic 
pressure, as opposed to membrane fouling. The concentrative action of the feed solution 
caused an increase in osmotic pressure, whilst the dilution of the draw solution resulted in a 
decreased osmotic pressure (Figure 7.5). These opposing effects together result in a gradual 
reduction of the effective osmotic pressure gradient (i.e. driving force) across the FO 
membrane, and therefore a negative effect on water flux. The feed solution salinity drives the 
loss of the osmotic driving force, particularly at high water recoveries (>70%) and is 
attributed to the high initial salinity of digested sludge centrate. As can be seen in Figure 7.5B, 
the simulated water flux (section 7.2.5) closely resembles the actual flux decline. 

































 After membrane flushing














Figure 7.5. (A) Simulated variation of feed solution (FS) and draw solution (DS) osmotic 
pressure resulting in the reduction of the osmotic driving force during closed-loop FO 
filtration (FS:DS volume = 3:10 L). (B) Simulated and experimental relative flux decline, 
with flux recoverability after membrane flushing and after replacing the feed and draw 
solutions. The experimental water flux was initially 6.4 L/m2h. 
Membrane fouling was relatively small and was evidenced in the small difference 
between the simulated and actual water flux, particularly at high water recovery (Figure 
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7.5B). Nevertheless, membrane fouling was readily reversible. At 80% water recovery, after 
simply flushing the membrane surface, the component of flux decline due to membrane 
fouling was completely recovered. The actual water flux was the same as the simulated value 
(Figure 7.5B). Furthermore, after replacing the feed and draw solutions with fresh digested 
sludge centrate and seawater, respectively, the initial water flux of subsequent cycles was 
also completely restored, thus demonstrating the inherently low fouling propensity of FO. 
Results reported here are consistent with the literature. Due to absence of any hydraulic 
pressure and the low applied permeate water flux which allows the fouling layer to be loose 
and fluid-like, fouling in FO is highly reversible [63]. The reversibility of membrane fouling 
in our experiment (Figure 7.5B) also confirms that the precipitate occurred in the bulk 
solution and did not induce scaling on the membrane surface. 
 Implications 7.3.4.
The results presented in this chapter demonstrate that seawater-driven FO can recover 
phosphorus from digested sludge centrate without any additional chemical requirements and 
the need for draw solution regeneration. Phosphorus minerals spontaneously precipitate, as 
the FO membrane pre-concentrates the constituents already present in centrate, as well as 
elevating the solution pH. The use of seawater as the draw solution may negate the need to 
apply subsequent desalination processes, and therefore presents an energetically favourable 
system. The removal of phosphorus from digested sludge centrate also avoids the recycling of 
nutrients to the head of the treatment plant, thus preventing phosphorus build-up in plants and 
the associated blockages and equipment scaling. Importantly, the recovered solids containing 
phosphorus may be utilised as a raw material for phosphate fertiliser production. 
During the FO process, a higher water recovery showed to improve phosphate removal 
from digested sludge centrate, however there is a limitation on the achievable phosphate 
removal efficiency. In this study, the highest phosphate recovery was achieved when the 
sludge centrate was pre-concentrated by three-folds. At this point, the effects of osmotic 
pressure changes on water flux result in only a 30% reduction in the initial water flux. 
Adopting draw solutions with larger initial osmotic pressures, (i.e. seawater RO brine) is one 
option to improve system performance in terms of water flux enhancement. Similarly, a draw 
solution replenishment scheme can be investigated to optimise the trade-offs between the 
reduction in osmotic pressure due to seawater dilution, accumulation of contaminants in the 
draw solution, and pumping energy. Nevertheless, the overall restoration of water flux 
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demonstrates the reversibility of membrane fouling and the suitability of FO to pre-
concentrate nutrients in digested sludge centrate. 
 Conclusions 7.4.
In this study, we demonstrate a novel seawater-driven FO process to recover calcium 
phosphate from digested sludge centrate without any chemical addition and draw solute 
regeneration. The process was evaluated in terms of nutrient pre-concentration efficiency, 
facilitation of phosphate mineral recovery, water flux dynamics, and membrane fouling. The 
FO membrane effectively rejected phosphate and calcium, and led to their enrichment in the 
digested sludge centrate. The elevated nutrient concentrations and the gradual increase in pH 
due to the bi-directional transport of protons away from the sludge centrate, improved 
precipitation kinetics and promoted the spontaneous precipitation of calcium phosphate 
minerals in the digested sludge centrate. Up to 92% of the initial phosphate was recovered 
from the digested sludge centrate as amorphous calcium phosphate solids. Membrane fouling 
did not significantly contribute to water flux decline, and was fully reversible after flushing 
the membrane with DI water. Overall, seawater driven FO presents a highly energetically 
favourable option for the sustainable management of digested sludge centrate. Nevertheless, 
further research is necessary to develop technique to enrich the phosphorus content in the 




 Conclusions and Recommendations for CHAPTER 8:
Future Work 
 Conclusions 8.1.
The findings from this thesis demonstrate the potential of forward osmosis (FO) as a 
technological platform to further the development of resource recovery from wastewater. 
This includes the effectiveness of FO for pre-concentrating the organic matter and nutrients 
in wastewater for biogas and nutrient recovery. Furthermore FO provides superior pre-
treatment for water purification. 
A draw solution selection protocol was developed to address the uncertainties associated 
with the effects of reverse draw solute flux on anaerobic treatment. The biochemical methane 
potential (BMP) procedure was found to be a reliable screening tool for assessing draw 
solution compatibility with anaerobic digestion. FO flux performance revealed the strong 
influence of draw solute physiochemical properties on water and reverse draw solute flux. 
The solute diffusion coefficient correlated to the extent of internal concentration polarisation 
for all of the evaluated draw solutes at the same osmotic pressure (i.e. 30 bar). This result 
indicated the inherent trade-off between selecting draw solutes with a high diffusion 
coefficient (to maximise water flux) and less mobile draw solutes (to minimise reverse draw 
solute flux). Sodium acetate (NaOAc) and magnesium acetate displayed unique behaviour, as 
they displayed acceptable water flux and reverse solute flux selectivity compared to other 
draw solutes (i.e. inorganic and organic draw solutes). The results of the BMP experiments 
demonstrated that caution is needed when adopting inorganic draw solutes with a high 
reverse draw solute flux such as sodium chloride (NaCl). Although NaCl is favourable in 
terms of water flux, a small but discernible inhibitory effect on methane production was 
observed. Alternatively, ionic organic draw solutes were suitable due to the acceptable flux 
performance and the benefits of increased methane production. 
The viability of anaerobically digesting low strength water was drastically enhanced by 
adopting FO pre-concentration. The FO processes consistently concentrated the chemical 
oxygen demand (COD) of wastewater by approximately eight-fold at a water recovery of 
90%. Notably, even low strength wastewater (i.e. COD = 137 mg/L) was pre-concentrated to 
the COD range suitable for biogas production via anaerobic treatment (i.e. >1,000 mg/L). 
Using NaCl as the draw solution resulted in a significant accumulation of salinity in the pre-
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concentrated wastewater as a result of reverse solute flux and the enrichment of the 
wastewaters natural salinity. Two alternative draw solutes (i.e. NaOAc and EDTA-2Na) 
effectively lowered the degree of salinity accumulation in the pre-concentrated wastewater, as 
both solutes exhibited a low reverse solute flux compared with NaCl. Additionally, the COD 
of pre-concentrated wastewater was enhanced when using the alternative draw solutes due to 
the contribution of organics from the reverse solute flux. A continuous flow experiment at a 
90% water recovery rate demonstrated the prominence of membrane fouling during direct FO 
filtration of wastewater. However, optimising the hydrodynamic conditions (i.e. increasing 
cross-flow velocity) and physical membrane cleaning (water flushing) represented an 
effective and low impact approach to membrane fouling mitigation. 
Membrane fouling is an important issue for FO membranes in applications of resource 
recovery due to the high suspended solid nature of feed solutions. The developed membrane 
cleaning protocol effectively utilised physical cleaning methods, rather than intensive 
chemical strategies. Under accelerated fouling conditions, the fouling associated with the pre-
concentration of digested sludge centrate is attributed mostly to the deposition of small 
mineral crystals and particular matter on the membrane surface. Thus, mitigation by physical 
cleaning was generally successful. High cross-flow velocity operation and ultrasonication 
were able to prevent the accumulation of foulants on the membrane during the process. 
However, air-scouring in the cross-flow configuration was unsuitable due to cake layer 
compression. In contrast to fouling prevention (i.e. continuous application of control 
technique during filtration operation), the results show that intermittent membrane cleaning 
(i.e. temporary suspension of the filtration process for membrane cleaning with water) was 
more practical. Periodic membrane cleaning using ultrasonication and high cross-flow 
velocity flushing could restore the initial water flux over several repetitive fouling and 
cleaning cycles, corresponding to a larger total cumulative water production and a lower 
cleaning system energy consumption. 
The process performance of integrating FO with anaerobic treatment was demonstrated 
and a number of key challenges identified. The thin film composite (TFC) FO membrane 
used was found to significantly outperform the cellulose triacetate (CTA) membrane in terms 
of water flux and ease of cleaning (i.e. fouling reversibility). Regardless of the membrane 
type, NaOAc significantly lowered the extent of salinity accumulation compared with NaCl. 
Simulating the pre-concentrated wastewater chemistry for both draw solutes at various FO 
water recovery values, indicated no discernible effect on methane production. Therefore, no 
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critical concentration factor existed under the adopted operating parameters (i.e. up to 90% 
water recovery and inoculum/substrate ratio of 2:1). Generally, the pre-concentrated 
wastewater containing NaOAc resulted in a higher methane production to that of NaCl. 
Although it is beyond the scope of this thesis work, it is necessary to also take into account 
the cost of these draw solutes. The key challenges associated with FO and anaerobic 
treatment integration include draw solution selection and determining a suitable anaerobic 
digester hydraulic loading rate. 
The technical feasibility of using FO membranes for phosphorus recovery was 
successfully demonstrated. A novel FO process utilising seawater as the draw solution was 
used to pre-concentrate phosphorus in digested sludge centrate. The prevailing conditions 
enabled the recovery of calcium phosphate precipitate without any chemical addition and 
draw solute regeneration. The substantial phosphate content of digested sludge centrate (85 
mg/L) and the high phosphate rejection of the FO membrane (>97%) effectively resulted in 
the enrichment of phosphate in the feed solution. Other ions, namely calcium, magnesium 
and potassium that were present in the digested sludge centrate were also enriched equivalent 
to the FO concentration factor. The bi-directional diffusion of protons away from the digested 
sludge centrate caused a gradual increase in the feed solution pH during the experiment. The 
elevated nutrient concentrations and the increased pH promoted the spontaneous precipitation 
of calcium phosphate minerals in the digested sludge centrate, by improving the precipitation 
kinetics. Overall, the process resulted in 92% recovery of the initial phosphate amount in the 
digested sludge centrate. However, the purity of the recovered amorphous calcium phosphate 
was quite low, containing only 3% phosphorus due to the high carbonate content and 
presence of competing ions in solution. In terms of FO process performance, the water flux 
decline was mostly attributed to the osmotic pressure increase of the digested sludge centrate, 
demonstrated by process modelling. As such, the estimated level of flux decline caused by 
membrane fouling was found to be fully reversible after simple membrane flushing during 
the single concentration cycle. Ultrasonication could successfully be applied during long-
term operation of the process or at higher water recoveries whereby the effectiveness of 
flushing will reduce. No draw solute recovery process was required due to the use of a 





 Recommendations for future work 8.2.
The FO process has a proven capability to achieve simultaneous wastewater treatment and 
resource recovery. However, the commercialisation and full-scale implementation of FO-
based systems requires further extensive research and development. One aspect that deserves 
attention is the integration of FO with anaerobic treatment. Further insights into the microbial 
dynamics are warranted, to better understand the influence of salinity on anaerobic digestion 
and to tailor alternative solutions to improve process performance. Additionally, 
demonstration of long-term continuous systems is required for the feasible development of 
the process. The energy dynamics of FO/anaerobic processes are also yet to be 
comprehensively studied. Evaluation of the system energy production and consumption are 
necessary to guide future research. Techno-economic assessments that clearly present the 
advantages of this process compared with current technologies are also required in the form 
of life cycle analyses which compare FO processes with current technologies. 
Further research into the enrichment of phosphorus using FO membranes is also 
necessary to improve economic viability. Particularly, focus should be placed on the adoption 
of low-cost and high-salinity draw solutions, such as seawater RO brine. This is due to the 
limitations on the achievable phosphate removal efficiency due to the osmotic pressure of 
seawater as found in this thesis. Alternatively, draw solution replenishment regimes for 
seawater draw solutions should be developed, aiming to optimise the trade-offs between 
osmotic pressure decreases due to seawater dilution, contaminant accumulation in the draw 
solution, and pumping energy. Importantly, detailed attention is needed to address the purity 
and agricultural suitability of the recovered phosphorus using the FO process. Understanding 
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